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INTRODUCTION 

The goal  of  t h i s  i n v e s t i g a t i o n  i s  t o  develop a method of  producing a 
nonagglomerating f u e l  from s t r o n g l y  caking  c o a l s .  
used i n  a f l u i d i z e d - b e d  g a s i f i e r  o r  hydrogenator  t o  make methane. The s t r o n g l y  
c a k i n g  c o a l s ,  found mainly i n  E a s t e r n  United S t a t e s  where t h e  l a r g e  market f o r  
g a s  e x i s t s ,  become p l a s t i c  and cake when h e a t e d  t o  g a s i f i c a t i o n  temperatures,. 

An e a r l i e r  paper d e s c r i b e d  a method of  o p e r a t i n g  w i t h  a b a t c h  charge of '  
c o a l  i n  a f lu id-bed  sys tem. l /  The caking  p r o p e r t i e s  of  P i t t s b u r g h  seam c o a l  
and o t h e r  h i g h l y  c a k i n g  c o a l s  were des t royed  a t  400" t o  425' C by f l u i d i z i n g  
f i n e  c o a l  (18-100 mesh) w i t h  steam o r  n i t r o g e n  which c o n t a i n  a t  least  0 .2  
p e r c e n t  oxygen. 
be produced i n  about  5 minutes .  The s u r f a c e  of  t h e  char  was m a d e  noncalcing 
i n  about  1 minute .  It was found t h a t  t h e  c o a l  must be h e a t e d  by t h e  f l u i d i z i n g  
g a s  and n o t  through t h e  r e a c t o r  w a l l  t o  avoid  agglomerat ing i n  t h e  p r e t r e a t i n g  
v e s s e l .  

This  f u e l  then could be 

I n  t h e  b a t c h  system a thoroughly nonagglomerat ing char  could 

The c r i t e r i a  adopted t o  i n d i c a t e  t h a t  t h e  p r e t r e a t m e n t  wa's s u c c e s s f u l  i n  
these cont inuous t e s t s  a r e :  

1. Good f l u i d i z a t i o n  must be  main ta ined  i n  t h e  p r e t r e a t i n g  r e a c t o r  
a t  t h e  tempera ture  employed. 

2.  The f r e e - s w e l l i n g  index  (FSI) of t h e  r e s u l t i n g  c h a r  must be less 
than 2 .  

3. The char  must be noncaking when s u b j e c t e d  t o  a hydrogen t rea tment  
a t  600' C .  

A l l  t h r e e  c o n d i t i o n s  must be s a t i s f i e d  b e f o r e  t h e  char  i s  cons idered  non- 
c a k i n g .  The f r e e - s w e l l i n g  index ,  w h i l e  n o t  a d i r e c t  measurement of agglom- 
e r a t i o n  p r o p e r t i e s ,  does i d i c a t e  t h e  change i n  t h i s  p r o p e r t y .  For example, 
t h e  FSI o f  P i t t s b u r g h  seam c o a l ,  a h i g h - v o l a t i l e  A bi tuminous c o a l ,  is  about  
8 ,  and a f t e r  s u c c e s s f u l  p r e t r e a t m e n t ,  l e s s  than 2 .  

To opt imize  t h e  p r e t r e a t m e n t ,  t h e  fo l lowing  informat ion  was t o  b e  d e r i v e d  
from t h e  experiments  w i t h  cont inuous f e e d  of  c o a l  and d i s c h a r g e  of  char :  
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1. The minimum r e s i d e n c e  t i m e  of  t h e  c o a l .  
2 .  The minimum temperature .  
3 .  The minimum oxygen-to-coal feed r a t i o .  
4 .  The minimum weight  loss.  
5 .  The optimum mesh s i z e  o f  c o a l .  
6 .  The e f f e c t  of  p r e s s u r e .  
7 .  The q u a l i t y  of t h e  o f f g a s .  

APPARATUS AND EXPERIMENTATION 

The f lowsheet  of  the cont inuous  u n i t  i s  shown i n  f i g u r e  1. Nitrogen o r  
steam p l u s  a i r  was used as t h e  f l u i d i z i n g  medium. Coal f e e d  is  semicontinuous 
i n  t h a t  t h e  feeder  d e l i v e r s  b a t c h e s  a t  t h e  ra te  of  about  8 t o  20 per  minute ,  
producing a feed  r a t e  o f  120  t o  900 grams per hour .  T h i s  c o a l  i s  conveyed t o  
t h e  bottom of t h e  r e a c t o r  by t h e  feed gas .  
lower s i d e  a r m w h i l e  t h e  g a s e s ,  t a r s ,  and d u s t s  a r e  d ischarged  from t h e  upper 
one.  The r e a c t o r  i s  a s t a i n l e s s  s t e e l  tube  of  1- inch  d i a m e t e r ,  w i t h  the ex- 
panded s e c t i o n  a t  t h e  t o p  2 inches  i n  d iameter .  The 29-inch s e c t i o n  con- 
t a i n i n g  t h e  bed of c o a l  i s  h e a t e d  e l e c t r i c a l l y .  A manometer i n d i c a t e s  t h e  
p r e s s u r e  drop developed o v e r  t h e  c o a l  bed. 
f i x e d ,  t h e  r e s i d e n c e  t i m e  o f  t h e  c o a l  depends on t h e  ra te  of c o a l  feed .  

The char  i s  d ischarged  from t h e  

Because t h e  h e i g h t  of t h e  bed i s  

DISCUSSION OF RESULTS 

More d r a s t i c  p r e t r e a t m e n t  w a s  r e q u i r e d  t o  d e s t r o y  t h e  caking  p r o p e r t i e s  
of c o a l  i n  t h e  u n i t  w i t h  cont inuous  f e e d  and d i s c h a r g e  of  s o l i d s  than i n  
comparable ba tch  o p e r a t i o n s  r e p o r t e d  p r e v i o u s l y .  Due t o  t h e  back-mixing o f  

1 f r e s h  and t r e a t e d  material ,  some p a r t i c l e s  remain i n  t h e  r e a c t i o n  zone a 
r e l a t i v e l y  s h o r t  t i m e  and o t h e r s  f o r  a much longer  t i m e .  Thus t h e  t rea tment  
must be s e v e r e  enough t o  c o n v e r t  those  p a r t i c l e  which are i n  t h e  r e a c t o r  f o r  
a v e r y  s h o r t  t i m e .  

F igure  2 shows t h e  r e s u l t s  of t e s t s  i n  which t h e  temperature  of t h e  bed 
was v a r i e d  from 410' t o  450" C and t h e  oxygen c o n t e n t  of t h e  i n e r t  gas used 
f o r  p r e t r e a t i n g  w a s  1 .4  and 2.3 percent  d u r i n g  p r e t r e a t m e n t .  Nonagglmera t ing  
c h a r  was produced i n  o n l y  two of t h e s e  t e s t s .  
of 2 .3  p e r c e n t  and tempera tures  of 440' t o  450' C ,  whereas o n l y  0.2 p e r c e n t  
oxygen i n  t h e  f l u i d i z i n g  g a s  was needed i n  t h e  b a t c h  t es t s .  With a lower 
oxygen c o n t e n t  of  1 . 4  p e r c e n t ,  t h e  chars  produced a t  440' C caked i n  t h e  
r e a c t o r .  The h igher  oxygen c o n t e n t  is n e c e s s a r y  i n  t h e  cont inuous tests 
because t h e r e  is a c o n s t a n t  f e e d  o f  raw c o a l  and a g r e a t e r  inventory  of  c o a l  
i n  t h e  bed t e s t s .  

These employed an oxygen content  

The reason t h e  c h a r s  cake  d h r i n g  pre t rea tment  a t  t h e  h i g h e r  temperatures  
b u t  no t  a t  t h e  lower o n e s ,  as demonstrated i n  f i g u r e  2 by t h e  1 .4-percent  
oxygen parameter ,  may be e x p l a i n e d  w i t h  t h e  photographs o f  c h a r s  shown i n  
f i g u r e  3 .  
p a r t i c l e s  s t i c k  t o  t h e  l a r g e r  ones .  

A t  410" C t h e  p a r t i c l e s  a r e  d i s c r e t e ,  bu t  a t  435' C t h e  smal le r  
It i s  b e l i e v e d  t h a t  more of  t h e  v i s c o u s ,  
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t a r r y  material  exudes from t h e  i n s i d e  of  t h e  l a r g e  p a r t i c l e s  a t  t h e  higher  
tempera ture .  Once t h e  l i m i t e d  amount of oxygen i n  t h e  gas  h a s  been consumed, 
t h e r e  i s  none t o  o x i d i z e  t h i s  a d d i t i o n a l  v i s c o u s  m a t e r i a l  and t h e  p a r t i c l e s  
s t i c k  t o g e t h e r .  The s m a l l e r  p a r t i c l e s  a r e  rendered noncaking more r a p i d l y  
than the l a r g e r  p a r t i c l e s ,  so they d i d  n o t  s t i c k  t o  each o t h e r ,  but only t o  
t h e  l a r g e  p a r t i c l e s .  

F igure  4 shows t h e  e f f e c t  on t h e  FSI o f  v a r y i n g  t h e  r e s i d e n c e  t i m e  from 
9 t o  34 minutes  whi le  h o l d i n g  t h e  oxygen-to-coal r a t i o  c o n s t a n t  a t  about  0 .2  
c u b i c  f o o t  per  pound of  c o a l .  Temperature parameters  were 420° ,  430", 440', 
and 450" C .  A t  t h i s  oxygen c o n t e n t ,  a minimum of  about  25 minutes  i s  needed 
t o  make noncaking char  a t  440" C .  The t i m e  could  n o t  b e  decreased  a t  t h i s  
oxygen-to-coal r a t i o  by i n c r e a s i n g  t h e  temperature  because a t  450' C t h e  c h a r  
caked i n  t h e  r e a c t o r  d u r i n g  t r e a t m e n t .  F igure  5 shows t h e  same type p l o t  u s i n g  
an oxygen-to-coal  r a t io  of  about  0 .3 .  A r e s i d e n c e  t i m e  of  o n l y  7 minutes  
was adequate  t o  render  t h e  c o a l  noncaking a t  440" C ,  and leos than 7 minutes  
a t  450' C .  

A s  shown i n  f i g u r e  5 ,  t h e  percentage of v o l a t i l e  matter i n  the  char  de- 
c r e a s e s  w i t h  i n c r e a s i n g  pre t rea tment  temperature  and r e s i d e n c e  t ime.  A t  1 4  
minutes  t h e  v o l a t i l e  matter c o n t e n t  of t h e  char  i s  29 p e r c e n t  a t  420' C ,  and 
i s  23 percent  a t  450" C .  A f t e r  34 minutes  t h e  v o l a t i l e  m a t t e r  i s  26 p e r c e n t  
a t  420" C and 2 1  p e r c e n t  a t  450" C .  

S ince  t h e  char  from P i t t s b u r g h  seam c o a l  i s  noncaking when i t s  FSI  i s  
decreased  t o  1-1/2,  a l l  t h e  d a t a  y i e l d i n g  t h i s  FSI a t  420°, 430', and 440' C 
ob ta ined  a t  v a r i o u s  r e s i d e n c e  t i m e s  and oxygen-to-coal  r a t i o s  were c r o s s -  
p l o t t e d  as shown i n  f i g u r e  6. I f  a r e s i d e n c e  time of  5 minutes  i s  d e s i r e d ,  
t h e  r e q u i r e d  oxygen-to-coal  r a t i o  i s  about  0.40 when o p e r a t i n g  a t  430" C .  
Lower temperatures  r e s u l t e d  i n  a much h igher  oxyzen-to-coal  r a t i o  o r  a longer  
r e s i d e n c e  t ime.  

1 

Figure  7 shows t h e  e f f e c t  o f  temperature  on t h e  FSI and v o l a t i l e  m a t t e r  
of  char  from P i t t s b u r g h  seam c o a l  f o r  f o u r  d i f f e r e n t  p a r t i c l e  s i z e s  a t  a 
c o n s t a n t  r e s i d e n c e  t i m e  o f  1 4  minutes .  The oxygen-to-coal f e e d  r a t i o  was 
c o n s t a n t  a t  0 . 3  cubic  f o o t  oxygen per pound o f  c o a l .  For t h e  18-48 mesh s i z e  
t h e  FSI decreased  r a p i d l y  from 6-1/2 a t  410' t o  1 a t  440" C .  Lower f r e e -  
s w e l l i n g  v a l u e s  were obta ined  w i t h  d e c r e a s i n g  s i z e s  o f  p a r t i c l e s  t r e a t e d  a t  
s i m i l a r  t empera tures ;  f o r  example, f o r  t h e  150-200 mesh t h e  i n d i c e s  wer-e 
1 a t  410" C and noncaking (NC) a t  450" C .  These r e s u l t s  show how much more 
r e a d i l y  t h e  f i n e r  c o a l  s i z e s  can be p r e t r e a t e d .  

Loss of  v o l a t i l e  m a t t e r  i s  more r a p i d  f o r  t h e  s m a l l  p a r t i c l e s  than t h e  
c o a r s e r  s i z e s .  Also,  a s  a n t i c i p a t e d ,  t h e  l o s s  o f  v o l a t i l e s  i n c r e a s e s  with 
i n c r e a s i n g  tempera tures .  The l o s s  of v o l a t i l e  m a t t e r  of 18-48 and 48-100 mesh 
s i z e s  f o r  s a t i s f a c t o r y  decaking o f  coa l  i s  about  10 p e r c e n t .  T h i s  i s  roughly  
e q u i v a l e n t  t o  t h e  weight  l o s s  and t o  t h e  l o s s  i n  h e a t i n g  v a l u e  o f  t h e  c o a l .  
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Since  t h e  f i n e r  s i z e  p a r t i c l e s  r e q u i r e  l e s s  d r a s t i c  t r ea tmen t ,  an a t tempt  

A s  shown i n  f i g u r e  8 ,  t h e  oxygen-to-coal  r a t i o  va r i ed  from 
was made t o  show t h a t  t h e  oxygen needed f o r  p re t r ea tmen t  va r i ed  w i t h  t h e  , 

p a r t i c l e  d i ame te r .  
0.42 f o r  t he  18-48 mesh t o  0.06 f o r  t he  150-200 mesh. This  theory  was par-  
t i a l l y  s u c c e s s f u l ,  bu t  t h e  f i n e r  mesh s i z e s  caked i n  the  r e a c t o r  when the  
bed tempera ture  was r a i s e d  above 430' C .  The mesh s i z e s  f i n e r  than 100 mesh 
were more d i f f i c u l t  t o  f l u i d i z e .  

F igure  9 shows t h e  e f f e c t  of tempera ture  on the  q u a l i t y  of o f f g a s  made 
d u r i n g  p re t r ea tmen t  w i t h  steam plus  a i r .  The oxygen-to-coal  feed  r a t i o  was 
0 .4  cubic  f o o t  pe r  pound. The q u a n t i t y  of methane and h igher  hydrocarbons 
inc reased  w i t h  i n c r e a s i n g  tempera tures .  The y i e l d s  of carbon oxides  increased  
s l i g h t l y ,  bu t  t he  hydrogen y i e l d  remained cons t an t  a t  about  0 .2  cc/gram. 
S i m i l a r  r e s u l t s  were ob ta ined  i n  the  ba tch  t e s t s  except  t h a t  t h e  y i e l d  of 
hydrogen (about 66 cc/gram i n  t h e  ba tch  t e s t s )  i s  lower i n  the  cont inuous 
o p e r a t i o n ,  probably because t h e  oxygen needed t o  t r e a t  t he  c o a l  r e a c t e d  wi th  
t h e  hydrogen. 

Table  1 shows a n a l y s i s  of c o a l  and c h a r s  used i n  the  above t e s t s .  As 
i n  t h e  ba t ch  t e s t s ,  t h e  oxygen c o n t e n t  i s  g r e a t e r  i n  the  raw c o a l  than  i n  
the  c h a r s .  

TABLE 1.- Analys is  of c o a l  and cha r s  from the  tests t o  s tudy  t h e  
e f f e c t  o f  temperature  on the  o f f g a s  made d u r i n g  

s t eam-a i r  t rea tment  of P i t t sbu rEh  seam c o a l  
of 48-100 mesh s i z e  

Ana lys i s  Chars 
(as rece ived)  Coal  410" C 420" C 430' C 440' C 450' C 

Proximate,  percent  
Mo i s t u r  e 
V o l a t i l e  matter 
Fixed carbon 
Ash 

U l t i m a t e ,  percent  
Hydrogen 
Carbon 
Ni t rogen  
0.ygen 
S u l f u r  
Ash 

Heat ing  v a l u e ,  

1 . 5  0 .1  
36.0 27.2 
54.4 64.4 
8.1 8 .3  

5 .2  4 .5  
75 .2  77.3 

1 . 5  1.6 
' 7 . 9  6 .4  
2 . 1  1 . 9  
8.1 8 . 3  

0 . 1  
26.9 
64.6 

8 . 4  

4.4 
76 .9  
1.3 
7 . 1  
1 .9  
8 .4  

0 .3  0 .0  
25.9 23.4 
66.3 68.6 

6.9 8 . 0  

4.4 4.2 
78 .O 7 7  .O 

1 . 6  1 .6  
7.4 7 .4  
1 . 7  1 .8  
6 .9  8 .0  

0 .3  
22.7 
67 .9  

9 .1  

4 . 1  
76.1 

1 .6  
7 ; 2  
1 . 9  
9 . 1  

B t u / l b  13,410 -- 13,240 13,470 -- 13,130 
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The e f f e c t  of  p r e s s u r e  was s t u d i e d  a t  1, 5 ,  10, and 20 atmospheres 
u s i n g  steam p l u s  a i r  as t h e  f l u i d i z i n g  gas .  A mesh s i z e  of 150-200 was used  
so  t h a t  a lower f l u i d i z a t i o n  gas v e l o c i t y  could  be employgd. 
was no g r e a t  change due t o  p r e s s u r e .  
p l u s  a i r  w i t h  an oxygen-to-coal r a t i o  o f  0 . 3  c u b i c  f o o t  per  pound a t  430' C ,  
as the p r e s s u r e  was i n c r e a s e d  t h e  y i e l d  of carbon oxide  gases  decreased ,  
b u t  t h e  hydrocarbon y i e l d  i n c r e a s e d .  
a s  t h e  p r e s s u r e  was i n c r e a s e d ,  b u t  a t  a r a t e  l e s s  than l i n e a r l y .  Again, as 
i n  t h e  ba tch  t e s t s ,  t h e  p a r t i c l e s  seemed t o  explode when t h e  p r e s s u r e  w a s  
r e l e a s e d ,  probably because t rapped  gas i n  t h e  p a r t i c l e s  escaped on de- 
p r e s s u r i z a t i o n .  

Genera l ly  t h e r e  
Using a f l u i d i z i n g  gas m i x t u r e  of steam 

The amount of c o a l  throughput  i n c r e a s e d  

CONCLUSION 

The t e s t s  have demonstrated t h e  o p e r a b i l i t y  of  a s m a l l - s c a l e  cont inuous 
u n i t  designed t o  p r e t r e a t  h i g h l y  caking  c o a l  t o  remove i t s  c a k i n g  q u a l i t y .  
The p r i n c i p a l  d i f f e r e n c e  between r e s u l t s  of cont inuous  and b a t c h  o p e r a t i o n  
i s  t h e  need f o r  a h igher  oxygen c o n t e n t  of t h e  feed  gas  i n  cont inuous  flow. 
The minimum r e s i d e n c e  t i m e  r e q u i r e d  f o r  t h e  c o a l  t o  be i n  t h e  r e a c t o r  i s  
about  5 minutes  a t  430" C .  About 0.4 cubic  f o o t  of oxygen i s  needed i n  t h e  
t r e a t i n g  gas f o r  each pound of c o a l  t o  d e s t r o y  t h e  caking  q u a l i t y  of  P i t t s b u r g h  
seam c o a l .  Although t h e  optimum mesh s i z e  i s  18-100, f i n e r  mesh s i z e s  permi t  
less d r a s t i c  t r e a t m e n t .  However, f i n e r  mesh s i z e s  are more d i f f i c u l t  t o  
f l u i d i z e .  Minimum weight  loss was 10 p e r c e n t ,  which i s  e q u i v a l e n t  t o  10 p e r -  
c e n t  loss  of h e a t i n g  v a l u e  of t h e  o r i g i n a l  c o a l .  The e f f e c t  of p r e s s u r e  i s  

can be achieved a t  h i g h e r  p r e s s u r e s .  
compared t o  a tmospheric  p r e s s u r e .  However, h i g h e r  throughputs  

Steam p l u s  oxygen i s  t h e  d e s i r e d  f l u i d i z i n g  medium i f  bo th  t h e  char  and 
t h e  o f f g a s  a r e  t o  be u t i l i z e d  i n  a g a s i f i e r .  This r e s u l t s  i n  an advantage 
over  o t h e r  methods of t rea tment  because t h e  v o l a t i l e  m a t t e r  evolved dur ing  
t h e  p r e t r e a t m e n t  i s  n o t  removed from t h e  system. 
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1. Forney, A. J., R.  F .  Kenny, S. J Gas ior ,  and J .  H .  F i e l d .  The 
D e s t r u c t i o n  of  t h e  Caking P r o p e r t i e s  of  Coal by Pre t rea tment  i n  a 
F l u i d i z e d  Bed. Ind .  and Eng. Chem. Product  Research and Development, 
v .  3 ,  No. 1, March 1964, pp. 48-53 .  
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LABORATORY SCALE CARBONIZATION OF NORTI1 DAKOTA LIGNITE : 
INFLUENCE OF TZhE’EFL&TLJRE AND ATMOSPHEFU? OM PRODUCT 

DISTRIBUTIOK AND ACTIVITY 

Robert L1. Porter and Robert C. E l l m a n  

U. S. Department of the Inter ior ,  Bureau of Mines 
Grand Forks Lignite Research Laboratory 

Grand Forks, N. Ualr.  

INTRODUCTIOR 

The purpose of t h i s  investigation has been t o  study the e f f e c t  of temperature 
and atmosphere on carbonization character is t ics  of l i gn i t e .  An objective has been 
t o  produce a char witin minimum sulfur and maximum reac t iv i ty  toward air, with 
m i n i m  loss of heating value. 
higher rank sol id  fuels, including e f f o r t s  t o  reduce sulfur and control r eac t iv i ty  
of chars and cokes (1, 2). 
focused upon yield and composition of by-products. 

Research i n  carbonization has been extensive on 

For North Dakota l i gn i t e ,  previous a t t en t ion  has been 

The considerable influence of atmosphere and temperature on the proportion of 
sulfur volat i l ized during carbonization of coal  from I l l i n o i s  and Indiana has been 
reported by Snow (3)  and M g e l s d o r f  and Uroughton (4) .  Significant differences 
i n  sulfur  removal were found, depending upon atmosphere during carbonization. hbre 
recently, Draycott ( 5 ) ,  of the University of Sydney, Australia, reported studies 
of desulfurization of metallurgical coke i n  a variety of atmospheres. Best desulfur- 
i za t ion  occurred at -1,00O0C i n  o i l  gas rrith intermittent b l a s t s  of.  steam. 
two percent of the su l fu r  w a s  removed rrith a coke lo s s  of about f o r t y  percent. 

Ninety- 

CARBOBI7ATION EQUIPMENT 

The test apparatus was essent ia l ly  a tube furnace with three separately 
controlled e l e c t r i c  heaters t o  provide a reproducible and uniform temperature 
d i s t r ibu t ion  within the uni t  during carbonization. The carbonization tube w a s  
constructed of l-1/2-inchY schedule k0, s t a in l e s s  s t e e l  pipe. Three thermocouples 
w e r e  mounted i n  the 14-1/2-inch length which held the sap le ,  a fourth i n  an end 
heater  section, and a f i f t h  w a s  imbedded i n  the sample; these provided f o r  temper- 
ature measurement and control. 
i n  the furnace. 

The tube was charged externally and then placed 

The arrangement of the carbonization equipment, including the modifications 
f o r  various atmospheres, i s  shown i n  .figure 1. A col lect ion t r a i n  was provided 
f o r  the by-product t a r ,  water, hydrogen sulf ide,  ammonia, l i gh t  hydrocarbons, and 
gas. 

PROCEDURX 

Each charge consh?.ted of 200 grams (0.441 lb)  of l i gn i t e ,  s ized 4 x 8 mesh, 
from the Kincaid mine, Burke County, North Dakota. Nitrogen w a s  passed through the  
carbonization tube a t  the rate of 0.6 cubic f e e t  per hour. In  the  t e s t s  i n  rrhich 
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carbonization gas was recycled, i t s  flow was regulated t o  give a superf ic ia l  space 
velocity of one-half foot per second, and i n  the t e s t s  i n  which carbonization w a s  
done i n  a s t e m  atmosphere, steam w w  injected at the ra te  of about 500 grams 
(1.102 l b )  per hour. The average heating r a t e  w a s  400'F per hour, and the sample 
w a s  held a t  temperature f o r  2 hours. 

A l l  products except gas were weighed. Gas  volume w a s  measured, the gas 
analyzed, and the weight of  the  nitrogen-f'ree gas calculated. 
contained most of the tar and water and par t  of the ammonia and hydrogen sulfide 
product. These components w e r e  separated, and t h e i r  weights were d d e d  t o  those 
collected i n  the r e m a i n d e r  of the  product col lect ion t ra in .  

The condensate 

I n  nitrogen and carbonization gas atmospheres, the test temperatures were 500", 
Moo, goo", l,ooOo, 1,300°, and 1,700"~.  Three individual t e s t s  were performed at 
each temperature for material  balance plus one test t o  produce char f o r  reac t iv i ty  
measurements. 

For carbonization in steam, similar t e s t s  were perfonned at a lower range of 
temperatures, 500" t o  l,lOO°F, at 100°F intervals  because o f  the s ignif icant  gas- 
i f i c a t i o n  t h a t  occurred at higher temperatures. Char f o r  reac t iv i ty  measurements 
was made at 1,200" and 1,300~~ i n  steam, and f o r  comparison purposes, i n  nitrogen 
atmosphere at 8m", goo", and 1,00O"F, w i n g  the same l i g n i t e  feed semph. 

LIGNITE FEXD SAMPLES 

Three different batches of lignite from the Kincaid mine were used i n  these 
tes t s .  Feed number 1 w a s  used for the nitrogen atmosphere material  balance tes t s .  
Feed number 2 w a s  used f o r  t h e  nitrogen atmosphere char production tests, and all 
of the  t e s t s  i n  recycled carbonization gas atmosphere. Feed number 3 w a s  used f o r  
steam atmosphere t e s t s ,  end t h e  three comparison t e s t s  t h a t  were m a d e  in nitrogen 
atmosphere. Analyses of these feeds are shown i n  table 1. The much higher SUW 
content of feed number 3 is of special interest .  

TABLE 1. - Analyses of  lignite feed fqr 
carbonization experiment& -.- 

-I__ - 
Feed number 1 2 3 

Proximate analysis, percent: 
Eloisture.. e .  0 . . . . 31.9 26.9 
vola t i le  matter.. ......................... 26.6 29.5 
Fixed carbon.............................. 32.2 34.7 
~h....................................... 9.3 8-9 

Nrogen. .  ................................ 6.5 5.9 
Carbon.. .................................. 42.7 46.7 
Nitrogen.. ................................ .4 .8 
Oxygen ..................................... 40.7 37.3 
sulfur... ................................. .4 .4 
Ash....................................... 9.3 8.9 

Ultimate analysis, percent: 

Heating value, Btu/lb.. ........................ 7,200 7,780 

- 1/ Kincaid l ign i te  "as-charged." 

32.3 
29.6 
30.6 
7.5 

6.7 
44.2 

07 
38.8 
2.1 
7.5 

7,660 
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PRODUCT YIELDS 

The product yields  obtained by carbonizing i n  nitrogen and carbonization gas 
atmospheres were very similar. A s  carbonization temperature increased, yields  of 
gas, tar, and water product increased at the  expense of the char; the  r a t e  of 
increase became less as  temperature advanced. Product yields  as a function of 
carbonization temperature are shown i n  f igures  2 and 3. 

The product yields  obtained from steam carbonization, as shown in f igure 4, 
were sh i la r  t o  the others below 900°F. Above t h i s  temperature the  y ie ld  of char 
product continued t o  decline s teeply with advancing temperature, and the  yield of 
gas product increased very rapidly. Figure 5 compaxes the  char y ie lds  obtained 
from nitrogen a d  steam carbonization t o  i l l u s t r a t e  the e f fec t  of gasification. 

TESTS OF CHhRs 

Crossing-Point Temperature 

The reac t iv i ty  of each char i n  a i r  was determined i n  a crossing-point-temper- 
ature apparatus. 
s t e e l  pipe placed i n  a small ve r t i ca l  tube furnace. A 1-1/2-inch deep charge 
sized 40 x 60 mesh was supported on a screen i n  the  middle of t he  tube. 
temperature and the  temperature at the  center of the charge were recorded. 
w a l l  temperature was increased a t  a r a t e  of 27°F per minute, while air  w a s  diffused 
through the sample at the r a t e  of 0.45 cubic f e e t  per hour. 
temperature was  defined as the tcmperature at which the  inside temperature over- 
took the  w a l l  temperature which means the lower the  crossing-point temperature 
the mre react ive the  char towards air. 

The apparatus w a s  constructed of a length of l/2-inch s ta in less  

The w a l l  
The 

The cross ing-p in t  

The crossing-point temperatures f o r  chars a re  shown i n  f igure  6. The lowest 

Both recycled carbonization gas and steam decrease char ac t iv i ty  
crossing-point temperatures were found f o r  t he  chars carbonized i n  the 800" t o  
1,000'F region, 
toward a i r .  
produced-from feed number 2 under similar conditions. 

Char produced from feed number 3 gave higher crossing points than char 

Acetic Acid Adsorption 

The chars produced i n  steam atmosphere were tes ted  f o r  t h e i r  a b i l i t y  to  adsorb 
ace t ic  acid. After evidence of soluble alkali i n  the chars w a s  found, each char tias 
t rea ted  i n  a Soxhlet extractor  with water f o r  60 hours and then dried. 
acid adsox@ion t e s t  procedure was  t o  mix a half  gram of 40 x 60-mesh soluble- 
a lkal i - f ree  char with 50 m i l l i l i t e r s  of 5 m i l l i n o r m a l  a ce t i c  ac id  i n  a closed 
container and shake mechanically f o r  2 hours. 
and an adsorption constant calculated. 
t r a t i o n  i n  t h e  char t o  tha t  i n  the  l iquid at equilibrium. 

Figure 7 shows the  ace t ic  acid adsorption constants o f  t h e  chars t es ted  as 

Thc ace t ic  

The f i n a l  acid s t rength was determined, 
This constant was the  r a t i o  of acid concen- 

functions of the carbonization temperatures. Activity shows a rapid increase as 
the  carbonization temperature increases from 1,000"F. 

I o w  crossing-point temperatures and low acs t i c  acid adsorption constants OCCUT 

i n  t he  same carbonization temperature region. These two types of ac t iv i ty  seem t o  
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be quite dis t inct .  
izat ion temperature were confirmed by a s t a t i s t i c a l  rank test. 

The opposite trends of t h e  tilo char a c t i v i t i e s  w i t h  carbon- 

Sulfur Removal Relationships 

The c r i t e r i a  used f o r  a well  desulfurized char was l o w  sulfuz and high heating 
value. The sulfur content of t he  chars w a s  therefore compared i n  t h i s  report on the 
basis of pounds of sulfur per  mill ion Btu. 
t he  various chars on t h i s  bas i s  as a function of carbonization atmosphere and 
temperature. 

Figure 8 shows the sulpur contents of 

The chars carbonized i n  nitrogen show the lowest sulfur  content at 900°F 
carbonization temperature. The chars carbonized i n  recycled carbonization gas were 
similar except that  t he  900°F char w a s  higher i n  s u U u r  than the  800" o r  l,OOO°F 
chars. 

The sulfur  contents of the  chars carbonized i n  steam w e r e  different:  increas- 
ing A-om 500" t o  700°F, dropping t o  l,OOO°F, holding fairly constant t o  1,20O0F, 
and r i s ing  rapidly t o  l,300°F. 
t he  chars produced from it. 

The higher sulfur  i n  feed number 3 is  reflected i n  

The c r i t e r ion  used f o r  a good desulfurization process was a high r a t i o  o f  
sulfur loss t o  heating value loss. 
dividing the percentage s u U u  lost by the percentage Btu Lost, and it depends upon 
t h e  sulArr content and heating value of the feed, the char yield,  and the sulfur 
content and heating value of t he  char produced. 

This function, t he  loss ra t io ,  w a s  obtained by 

The loss r a t io s  as fYmctions of carbonization atmosphere and temperature are 
shown i n  figure 9. 
nitrogen atmospheres and best  at 800°F f o r  chars produced in  recycled carbonization 
gas. 
w a s  at 500"F, and t h e  second highest w a s  a t  l,OOO°F. 

The highest  loss r a t io s  were at 900°F for chars produced i n  

For chars produced i n  steam, two peaks were f o u d ,  the highest Loss r a t i o  

SUMMATION 

The highest r e a c t i v i t i e s  of chars toward air were found i n  chars produced by 
carbonizing in  the region of 800" t o  l,OOO°F. Carbonization i n  e i t h e r  recycled 
carbonization gas o r  steam produced chars less reactive than those carbonized i n  
nitrogen. 

The react ivi ty  measured by acet ic  acid adsorption w a s  not the same r eac t iv i ty  
as t ha t  measured by crossing-point temperature. The acet ic  acid adsorption value 
varies with carbonization temperature i n  t h e  opposite manner as compared t o  crossing- 
point values f o r  the chars t h a t  were produced by carbonization i n  steam. 

The lowest char sulfur  content and highest Loss r a t i o  occurred at 900°F when 
carbonizing i n  a nitrogen atmosphere. 
gas, the  lowest s u l f u r  content occurred at 1,000"F and t h e  highest loss r a t i o  at 
800°F. The desulfurization by carbonizing i n  steam w a s  quite different .  
sulfur content occurred at 1,200°F, t he  highest Loss r a t i o  was found at 500"F, and 
the next best  a t  1,000"F. 
produced, both i n  r eac t iv i ty  toward air and i n  sulfur removal. 

For carbonization i n  recycled carbonization 

The lowest 

Differences i n  l i gn i t e  feed were ref lected i n  the c h a r  
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ETHYLENE AND AROMATICS BY CARBONIZATION OF CANNEL COAL 

R. S .  Montgomery and D.  L. Decker 

The Dow Chemical Company, Midland, Michigan 

The low-temperature carboniza t ion  of c o a l  i s  a p o s s i b l e  a l t e r n a t i v e  t o  
t h e  c racking  of crude o i l  for t h e  product ion of e thylene  and aromatics .  
The previous i n v e s t i g a t i o n s  repor ted  by t h i s  l a b o r a t o r y  were concerned 
wi th  t h e  carboniza t ion  of l i g n i t e s . '  It was found that i f  l i g n i t e s  
were carbonized a t  a low temperature i n  o r d e r  t o  o b t a i n  t h e  maximum 
y i e l d  of t a r  and t h i s  t a r  cracked without being allowed t o  condense, 
acceptab le  y i e l d s  of e thylene ,  propylene and aromatics  could be ob- 
t a i n e d .  Once t h e  low temperature t a r  i s  allowed t o  condense, how- 
ever ,  l a r g e  amounts of c h a r  and heavy res idue  a r e  formed i n  the  
c r a c k e r  and the  y i e l d s  of t h e  d e s i r e d  products  a r e  small. It was 
concluded from t h i s  work t h a t  t h i s  process  could be commercially 
important if t h e  c o s t  of crude o i l  i n c r e a s c s  enough t o  o f f s e t  the  
high i n i t i a l  c a p i t a l  c o s t .  

The present  i n v e s t i g a t i o n  was concerned w i t h  t h e  use of West V i r g i n i a  
and Kentucky cannel c o a l s  i n  t h i s  process .  Cannel c o a l  i s  a high 
v o l a t i l e ,  non-coking c o a l  and occurs  i n  l e n t i c u l a r  pockets  i n  bi tumi-  
nous coa l  beds. It was hoped tha t  t h e  h igher  y i e l d s  which would 
c e r t a i n l y  be obtained w i t h  t h e s e  coa ls ,  and t h e r e f o r e  t h e  lower 
c a p i t a l  investment r e q u i r e d  f o r  the same product ion,  would more t h a n  
o f f s e t  the increased  c o s t  of t h e  coa l .  

EXPERIMENTAL 
E quipmen t 
The equipment used i n  t h i s  work i s  very  similar t o  that used i n  t he  
e a r l i e r  work. The evolved v o l a t i l e  m a t t e r  passed from a ba tch  carbon- 
i z e r  through the  c r a c k e r  i n t o  t h e  c o l l e c t i o n  t r a i n ,  which c o n s i s t e d  of 
a water-  jacketed r e c e i v e r ,  condenser, and two low-temperature absorbers .  
These absorbers  c o n s i s t e d  of jacketed pyrex columns packed w i t h  s t e e l  
wool. The noncondensable gas  passed through a co t ton  t r a p  and t h e n  
through a w e t - t e s t  gas  meter, which measured t h e  volume of t h e  evolved 
gas.  A f t e r  leav ing  t h e  wet - tes t  gas  meter, t h e  gas  passed i n t o  a 
solenoid-actuated valve which allowed a f r a c t i o n  of the  gas t o  be 
c o l l e c t e d  i n  a gas  holder .  The remainder was vented t o  t he  atmosphere. 

The carbonizer  used i n  t h e s e  experiments was similar t o  that used i n  
t h e  l i g n i t e  experiments,  except tha t  i t  was modified so t h a t  super- 
heated steam could be blown through the c o a l  during carboniza t ion .  
It was made from a two i n c h  s t a i n l e s s  s t e e l  pipe,  24  inches  i n  length .  
Near t h e  t o p  of t h e  r e t o r t ,  a one-half inch  pipe was provided as a 
take-off  for t h e  v o l a t i l e  matter. A one inch  p lug  f i t t e d  w i t h  a therm- 
ocouple w e l l  was used a t  the top  of t h e  carbonizer  for t h e  i n t r o d u c t i o n  
of the  c o a l .  A removable s t e e l  s p a r g e r  was provided at the bottom of 
t h e  carbonizer  f o r  the  i n t r o d u c t i o n  of the  superheated steam and t h e  
removal o f  t h e  char .  Heat f o r  the carbonizer  was provided by e l e c t r i c  
furnaces  c o n t r o l l e d  by means of Variacs .  
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The cracking  r e a c t o r s  were 36 inches  long and were f a b r i c a t e d  of Vycor 
t u b i n g  of 31 mm o u t s i d e  diameter .  
through t h e  e n t i r e  l e n g t h  of the cracking tube, allowed a thermocouple 
t o  be placed i n s i d e  the tube and t h e  c racking  temperature t o  be measured 
f o r  any p o i n t  i n  t h e  tube. The cracking  temperature was c o n t r o l l e d  by 
the temperature  n e a r  the e x i t  o f  t h e  r e a c t o r .  The c r a c k e r  was heated 
w i t h  r e s i s t a n c e  t a p e  wound d i r e c t l y  on the  tub ing  and t h e  e l e c t r i c  
c u r r e n t  c o n t r o l l e d  by a Variac.  D i f f e r e n t  average r e t e n t i o n  t imes were 
obta ined  by us ing  two, t h r e e  or f o u r  of  t h e s e  r e a c t o r s  i n  s e r i e s .  

Coals Used 
Samples of f o u r  d i f f e r e n t  cannel c o a l s  were used i n  t h i s  work. 
were from West V i r g i n i a  - Gay Mine, Logan County; S t o l l i n g s  Mine, 
Madison County; and Dorothy Mine, Boone County; one was from the Big 
Chief Mine, Letcher  County, Kentucky. The samples which were received 
as 6 t o  8 i n c h  lumps were crushed, and the f r a c t i o n  which passed 
through a 3-1/2 mesh and remained on a 10 mesh screen  was used i n  the 
experiments . 

A concent r ic  9 mm Vycor tube,  

Three 

Proximate Analysis 
Mo i s t u r e  
N e t  Volatile 
Fixed Carbon 
Ash 

Ultimate Analysis 
Hydrogen 
Carbon 
Nitrogen 
S u l f u r  
Oxygen 

F i s h e r  Assay 
O i l ,  g a l / t o n  
Water, gal/Eon 
Gas and loss, $ 
Sp. G r .  oil 6 0 / 6 0 " ~  

Table 1 
Gay S t o l l i n g s  Dorothy Big Chief 

0.3@ 0.56% 0.63s 0.46% 
48.46 54.86 61.05 53.07 
37.42 34.26 32.52 41.49 
13.81 10.32 5.80 4.98 

6.56 7.04 7 - 7 1  7 - 2 9  
74.52 74.79 78.84 80.96 

0.67 1.22 0.88 1.23 
0.52 1.24 0.86 0.77 
3-92  5.39 5-91  4.77 

85.8 90.6 104.2 86.5 
2 . 4  3.6 3.8 3.4 
9.1 9.2 10.9 6.7 

0.9022 0.9056 0.9106 0 * 9079 

PROCEDURE 

Cannel Coal (500 grams) was charged i n t o  t h e  carbonizer  and t h e  c racker  
temperature brought up t o  the predetermined l e v e l .  Then t h e  temperature 
of the carbonizer  was s lowly  and uniformly raised from room temperature 
t o  a maximum of 550°C. When the carbonizer  reached 300", superheated 
steam a t  500" was in t roduced  i n t o  i t .  Af ter  t h e  experiment, the carbon- 
i z e r  w a s  allowed t o  c o o l  t o  room temperature and t h e  t r a i n  disassembled, 
and the contents  of t h e  r e c e i v e r  and two absorbers  steam d i s t i l l e d .  
The s team-dis t i l led o i l  was then  f r a c t i o n a t e d ,  and the f r a c t i o n s  exam- 
ined  by mass spectrometry.  The r e s i d u a l  o i l  and t a r  i n  the d i s t i l l a t i o n  
pot  p l u s  any i n c r e a s e  i n  weight of the  absorbers  was des igna ted  as 
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heavy o i l .  The volume of gas produced was measured w i t h  t h e  wet - tes t  
gas  meter and samples of  t h e  gas  examined by mass spectrometry.  

Exploratory experiments i n d i c a t e d  t ha t  the primary process  v a r i a b l e s  
were c racking  temperature  , r e t e n t i o n  t i m e  and t h e  steam-coal r a t i o .  
Therefore t h e  e f f e c t  of these  t h r e e  process  v a r i a b l e s  at t h r e e  d i f f e r e n t  
l e v e l s  were i n v e s t i g a t e d  on t h e  c a y e l  c o a l  from t h e  Gay Mine, us ing  
n ine  experiments i n  a "Lat in  Square arrangement.  With t h i s  arrange-  
ment, the e f f e c t  of a s i n g l e  v a r i a b l e  can be determined w i t h  the 
e f f e c t s ,  first o r d e r  at least ,  of  t h e  o t h e r  v a r i a b l e s  confounded o r  
cance l led  out .  The l e v e l s  of t h e  process  v a r i a b l e s  t h a t  were chosen 
were : 

Cracking temperature  - 800", 850°, and 900".  
Average r e t e n t i o n  t i m e  - 0.5, 0.7, and 0.9 seconds.  
Steam-to-coal r a t i o  - 1.0, 1.25,  and 1.5.  

The ' 'average r e t e n t i o n  t ime" deserves  some comment. Since a ba tch  
carbonizer  was used i n  t h e s e  experiments,  t h e  r a t e  of v o l a t i l e  genera- 
t i o n  i n  t h e  c a r b o n i z e r  vari-ed w i t h i n  r a t h e r  wide  l i m i t s  as t h e  carbon: 
i z e r  temperature was r a i s e d  from 300" t o  550". Because of t h i s ,  the 
gas  v e l o c i t y  through the  c rackers ,  and t h e r e f o r e  the Cetent ion time i n  
t h e  c r a c k e r  a l s o ,  v a r i e d  w i t h i n  rather wide l i m i t s .  The average r e t e n -  
t i o n  t ime" was c a l c u l a t e d  on the  basis of t h e  t o t a l  volume of v o l a t i l e s  
f e n e r a t e d  and volume of t h e  c r a c k e r s  used i n  t h e  experiment.  These 
average r e t e n t i o n  t imes can only  be used as guides;  a l l  t ha t  can be 

said f o r  c e r t a i n  i s  t ha t  t h e  r e t e n t i o n  t imes are i n  t h e  r a t i o s  two, 
t h r e e  and four .  

Another problem which a r i s e s  w i t h  regard  t o  t h e  i n t e r p r e t a t i o n  of t h e  
e f f e c t s  of r e t e n t i o n  time i s  t h a t  t h e  a c t u a l  r e t e n t i o n  t i m e  i s  a f f e c t e d  
by the steam-coal r a t i o  used. When more steam i s  passed through the 
carbonizer ,  t h e  space v e l o c i t y  i s  increased ,  and t h e r e f o r e  t h e  r e t e n t i o n  
t i m e  i n  t h e  c r a c k e r  correspondingly decreased. Because' of t h i s ,  t h e  
e f f e c t s  of average r e t e n t i o n  t i m e  and steam-coal r a t i o  a r e  i n t e r r e l a t e d  
d e s p i t e  t h e  L a t i n  Square arrangement of t h e  data. 
i n t o  account when i n t e r p r e t i n g  t h e  r e t e n t i o n  t ime d a t a .  

T h i s  must be taken 

FCESULTS 
Analysis of the products  ob ta ined  i n  t h e s e  experiments makes i t  p o s s i b l e  
t o  e v a l u a t e  t h e  e f f e c t s  of t h e  process  v a r i a b l e s  on the  y i e l d s  of t h e  
v a r i o u s  products .  
c racker ,  t h e  volume and composition of the evolved gases  and o i l s  was 
a f f e c t e d  by a l l  t h e  process  v a r i a b l e s ,  that is, cracking temperature,  
r e t e n t i o n  time, and steam-coal r a t i o .  The c h a r a c t e r  of t he  char  pro- 
duced, however, could only  be a f f e c t e d  by t h e  steam-coal r a t i o .  

Since a l l  of t h e  v o l a t i l e  m a t t e r  passed through t h e  

Effec t  of Process Variables on Gas Produced 
The composition of the g a s  evolved from t h e  c o a l  v a r i e s  as d i f f e r e n t  
l e v e l s  of t h e  process  v a r i a b l e s  a r e  employed. Some c o n s t i t u e n t s  of the 
gas  are a f f e c t e d  g r e a t l y  by t h e  process  v a r i a b l e s ,  o t h e r s ,  very l i t t l e .  

The ch ief  components of the gas are e thylene ,  e thane,  ace ty lene ,  propyl-  
ene, butadiene,  methane, hydrogen, and carbon monoxide and dioxide.  
These comprise at l e a s t  98% of t h e  t o t a l  gas produced. 

The process  v a r i a b l e s  have l i t t l e  o r  no e f f e c t  on the  t o t a l  y i e l d  of 
gas, a t  least  at t h e  l e v e l s  i n v e s t i g a t e d .  It might be expected tha t  
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t h e  h igher  cracking temperatures  and l o n g e r  r e t e n t i o n  times would produce 
more gas,  but  t h i s  i s  not t h e  case.  

The y i e l d  of ethylene,  t o o ,  i s  not  p a r t i c u l a r l y  a f f e c t e d  by t h e  process 
v a r i a b l e s .  However, t h e  b e s t  y i e l d  was produced a t  a cracking  temperature 
o f  850°, an average r e t e n t i o n  time of 0.5 seconds, and a steam-coal r a t i o  
of  1.25. 

The lowest cracking temperature  and the s h o r t e s t  r e t e n t i o n  time i n v e s t i -  
ga ted  r e s u l t  i n  t h e  product ion o f  t h e  l a r g e s t  amount of  e thane.  Appar- 
e n t l y  more o f  the  ethane i s  converted t o  e thylene  a t  t h e  more r igorous 
c racking  condi t ions .  A t  a c racking  temperature  of 800", 24.8 pounds/ton 
i s  obtained,  while at goo", only 9.9 pounds/ton i s  obtained.  The steam- 
c o a l  r a t i o ,  however, does not  seem t o  have any s i g n i f i c a n t  e f f e c t .  

A s  might be expected, t h e  h ighes t  y i e l d  of ace ty lene  i s  obtained at the 
h ighes t  cracking temperature .  A t  a c racking  temperature  of 800" , only 
8.1 pounds/ton i s  oDtained, but  t h i s  i s  r a i s e d  t o  22.3 pounds/ton by 
i n c r e a s i n g  the cracking temperature  to 900". The steam-coal r a t i o  i s  
not  n e a r l y  so important,  bu t  t h e  product ion of ace ty lene  i s  favored by 
t h e  h igher  r a t i o .  Perhaps s u r p r i s i n g l y ,  t h e  r e t e n t i o n  time has only 
l i t t l e  e f f e c t .  

There i s  a s u b s t a n t i a l  decrease  i n  t h e  y i e l d  of  propylene when t h e  higher  
c racking  temperatures  and longer  r e t e n t i o n  times are employed. A t  a 
c racking  temperature of 800°, 64.6 pounds/ton i s  obtained, but  t h i s  f a l l s  
t o  only  23.8 pounds/ton a t  900". S i m i l a r l y ,  i n c r e a s i n g  t h e  average re ten-  
t i o n  t i m e  from 0.5 t o  0.9 seconds r e s u l t e d  i n  a decrease i n  t h e  y i e l d  of  
propylene from 59.8 to 32.1 pounds/ton. The steam-coal r a t i o ,  however, 
had comparatively l i t t l e  e f f e c t .  

The y i e l d  of butadiene d e c r e a s e s  r a p i d l y  as the cracking  temperature and 
r e t e n t i o n  t i m e  a r e  i n c r e a s e d .  A t  a c racking  temperature  of 800", 22.0 
pounds/ton i s  obtained,  b u t  a t  900" only 11.2 pounds/ton i s  obtained. 
S imi la r ly ,  increas ing  t h e  r e t e n t i o n  time from 0.5 t o  0.9 seconds de- 
c r e a s e s  the y i e l d  of butadiene from 20.9 t o  12.7 pounds/ton. The best  
steam-coal r a t i o  f o r  t h e  product ion of  butadiene i s  1.25. 

The process  v a r i a b l e s  do n o t  g r e a t l y  a f f e c t  t h e  y i e l d  of methane. On 
t h e  average, t h e  methane y i e l d  i s  about 150 pounds/ton. 

A s  might be expected, g r e a t e r  q u a n t i t i e s  of hydrogen are produced a t  t h e  
more r igorous  c racking  c o n d i t i o n s .  A t  a c racking  temperature of 800°, 
a ton  y i e l d s  12 pounds of hydrogen, a t  goo", 19.4 pounds. Increas ing  
t h e  r e t e n t i o n  time from 0.5 t o  0.9 seconds, s i m i l a r l y  r a i s e s  t h e  y i e l d  
of hydrogen from 13.5 to 17.1 pounds/ton. 

y i e l d  o f  17 pounds/ton t o  1 4  pounds/ton, probably because of  i t s  e f f e c t  
on t h e  r e t e n t i o n  time. 

The y i e l d  of carbon d ioxide  i s  q u i t e  cons tan t  at 15 pounds/ton at a l l  
l e v e l s  of the  process  v a r i a b l e s  s tud ied ,  and only  c racking  temperature 
has much e f f e c t  on t h e  y i e l d  of  carbon monoxide. When t h e  cracking 
temperature  i s  r a i s e d  from 800" t o  goo", t h e  y i e l d  of carbon monoxide 
i n c r e a s e s  from 40.9 t o  72.2 pounds/ton. 
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An i n c r e a s e  i n  t h e  steam-coal 
r a t i o  from 1 .0  t o  1 . 5  decreases  t h e  amount of hydrogen obtained from a -4 
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E f f e c t  of .Process V a r i a b l e s  on Light O i l  Produced 
The process  v a r i a b l e s  a t  t h e  l e v e l s  s t u d i e d  have no s i g n i f i c a n t  e f f e c t  
on t h e  t o t a l  y i e l d  of l i g h t  o i l .  It might be expected t h a t  h igher  1 
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temperatures  and longer  r e t e n t i o n  times would f a v o r  the product ion o f  
l i g h t  o i l  owing t o  t h e  conversion of heavy o i l  t o  l i g h t  o i l  a t  t h e  
more r igorous  condi t ions ,  but t h i s  i s  not  t r u e .  Evident ly ,  i f  more 
l i g h t  o i l  i s  produced, more l i g h t  o i l  i s  a l s o  converted i n t o  gaseous 
hydrocarbons. A t  a l l  t h e  condi t ions  s tud ied ,  the y i e l d  of l i g h t  o i l  
was about 115 pounds/ton. 

The l i g h t  o i l  c o n t a i n s  a l a r g e  number of  compounds. The more e a s i l y  
i d e n t i f i a b l e  components of the mixture a r e  benzene , to luene ,  s tyrene,  
C2 benzenes, indene, indan, and/or methyls tyrene,  naphthalene,  and 
methyl naphthalene.  
The remainder i s  made up of more h ighly  s u b s t i t u t e d  benzenes, s tyrenes ,  
and naphthalenes.  Only t h e  e f f e c t s  of t h e  process  v a r i a t ? i e s  on the 
product ion o f  benzene, to luene ,  s tyrene ,  and naphthalene w i l l  be d i s -  
cussed, s i n c e  t h e s e  a r e  t h e  most commercially important  components. 

The y i e l d  of benzene as a func t ion  of r e t e n t i o n  time shows a d e f i n i t e  
maximum a t  0.7 seconds; and as a f u n c t i o n  of steam-coal r a t i o ,  a d e f i -  
n i t e  minimum a t  a r a t i o  of 1 .25.  However, the l e v e l s  of cracking 
temperature employed seem t o  have no s i g n i f i c a n t  e f f e c t .  

The y i e l d  of to luene  as a func t ion  of steam-coal r a t i o  shows, l i k e  t h e  
y i e l d  of benzene, a d e f i n i t e  minimum a t  a r a t i o  of 1.25, a l though i n  
t h i s  case n e i t h e r  t h e  c racking  temperature n o r  the r e t e n t i o n  t i m e  seem 
t o  be important .  

The process  v a r i a b l e s  have very  l i t t l e  e f f e c t  on t h e  y i e l d  of s tyrene .  
It i s  r e l a t i v e l y  cons tan t  a t  about 6 .O pounds/ton. 

The highest  c racking  temperatures  and the l o n g e s t  r e t e n t i o n  t imes inves-  
t i ga t ed  favored t h e  product ion of naphthalene.  A t  a c racking  temperature 
of 800", t h e  y i e l d  was 9.3 pounds/ton, while at 900" it increased  t o  
13.9 pounds/ton. I n  t h e  same way, i n c r e a s i n g  t h e  r e t e n t i o n  t i m e  from 
0.5 t o  0.9 seconds increased  t h e  y i e l d  from 9.0 t o  13.6, pounds/ton. 
The steam-coal r a t i o ,  on t h e  o t h e r  hand, seemed t o  have l i t t l e  e f f e c t .  

These components comprise 58 t o  73% of t h e  t o t a l .  

Ef fec t  of Process Var iab les  on Heavy O i l  Produced 
A s  expected, the higher c racking  temperatures  favored  the conversion o f  
the heavy o i l  t o  l i g h t  o i l  and v o l a t i l e  gases .  S u r p r i s i n g l y ,  however, 
t h e r e  was a d e f i n i t e  maximum i n  the y i e l d  a t  the in te rmedia te  r e t e n t i o n  
t i m e  and t h e  in te rmedia te  steam-coal r a t i o ,  t h a t  i s ,  0.7 seconds and a 
r a t i o  of 1.25. 

Some a n a l y t i c a l  work was done on t h e  heavy o i l ,  but  due t o  i t s  complex 
na ture ,  no i n d i v i d u a l  components were determined. The heavy o i l  i s  
mainly aromatic i n  c h a r a c t e r  and i s  composed of  po lynuclear  aromatic 
hydrocarbons of  h i g h  molecular weight.  An u l t i m a t e  a n a l y s i s  was made 
on the heavy o i l  from each run, but t h e r e  was l i t t l e  d i f f e r e n c e .  The 
average a n a l y s i s  i s  : 

Carbon 90.35% 

N l t  rogen 1.46 
S u l f u r  0.67 

Oxygen (by d i f f . )  1.13 

Hydrogen 5.03 

Ash 1.36 
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Comparison of t he  D i f f e r e n t  Cannel Coals 
I n  view of t he  f a c t  that  t h e  y i e l d s  of t he  commercially important pro- 
duc t s  a r e ,  i n  genera l ,  n o t  p a r t i c u l a r l y  s e n s i t i v e  t o  the  process  con- 
d i t i o n s  i n  the  ranges i n v e s t i g a t e d ,  t he  f o u r  d i f f e r e n t  cannel  coa l s  
were compared a t  on ly  a s i n g l e  s e t  of condi t ions .  A cracking temper- 
a t u r e  of 850°, an average r e t e n t i o n  time of 0.9 seconds, and a steam- 
coa l  r a t i o  of 1.0 w a s  chosen. While these  condi t ions  a r e  not optimum, 
it seems un l ike ly  t h a t  t h e  comparison would be d r a s t i c a l l y  d i f f e r e n t  
at any o t h e r  g e n e r a l l y - s i m i l a r  cond i t ions .  The r e s u l t s  of these  exper- 
iments a r e  given i n  Tables 2, 3, 4, 5 and 6 .  

There i s  a good c o r r e l a t i o n  between the  y i e l d s  of t o t a l  gas, e thylene,  
t o t a l  l i g h t  o i l ,  benzene, toluene,  e t c . ,  and the gas and o i l  y i e l d  i n  
t h e  F i she r  assay.  When more gas and o i l  i s  obtained i n  the  F i she r  
assay, a s i m i l a r  i n c r e a s e  i s  no t i ced  i n  the  y i e l d s  of t he  more valuable  
products .  This i s  no t ,  however, t r u e  w i t h  t he  y i e l d s  of heavy o i l .  
There i s  probably a tendency f o r  t h e  h igh  assaying c o a l s  t o  produce 
more heavy o i l ,  but  t h e  c o r r e l a t i o n  i s  not  n e a r l y  as high as i t  i s  for 
t he  l i g h t  o i l s  and gases .  

DISCUSSION 
The low-temperature ca rbon iza t ion  of cannel coa l  immediately followed 
by a thermal cracking of t h e  v o l a t i l e  products  produces e x c e l l e n t  y i e l d s  
of e thylene ,  benzene, and o t h e r  aromatic hydrocarbons. A s  expected, t he  
y i e l d s  of these  products  a r e  much h igher  than could be obta ined  from 
l i g n i t e ;  over  f i v e  t imes  as much e thylene  and benzene can be obtained.  
T h i s  d i d  indeed r e s u l t  i n  a lower c a p i t a l  investment f o r  a commercial 
p l a n t  producing the  same amount o f  e thylene  and aromatics  as the  l i g n i t e  
p l a n t ,  and undoubtedly more than  o f f s e t  the increased  c o s t  of t h e  cannel 
coa l .  A pre l iminary  economic a n a l y s i s ,  however, i nd ica t ed  t ha t  t h i s  
process  i s  s t i l l  probably not  compet i t ive w i t h  t he  convent ional  crude 
o i l  c racking  process .  
f i c a n t l y ,  o r  i f  s i g n i f i c a n t  engineer ing  improvements could be made t o  
lower the c a p i t a l  c o s t ,  the  commercial use of t h i s  process  would be a 
p o s s i b i l i t y  . 

If t h e  c o s t  of crude o i l  should inc rease  s i g n i -  
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TABLE 2 

Cracking Temperature: 850°C Average r e t e n t i o n  time: 0.9 sec .  
Steam-coal r a t i o :  1.0 

Charge: 500 gms. of 3-l/2 - 10 mesh "Gay" cannel  c o a l  

Y ie ld  of Gas: 
Ethylene 
Acetylene 
Propylene 
Butadiene 
Butene-2 
Methane 
Ethane 
Hydrogen 
Carbon monoxide 
Carbon dioxide 

107.9 gms. 431.0 lbs / ton  502.6 lbs/ton(MAF) 
42.3 169.0 197.0 
2 . 2  8.8 10.2 
4.3 17.2 20.0 
1.7 6 .8  7.9 
0 .5  2 .0  2 . 3  

35.6 142.0 166.0 
3.1 12.4 1 4 . 4  
3 .7  14 .8  17.2 

11.2 44.8 52.2 
3 . 3  13.2 15.4 

Yie ld  of Light  O i l :  23.7 
Benzene 

J ;  Toluene 
Styrene 
C 2  Benzenes 
Indene 
Indan/or methyls tyrene 
Naphthalene 
Methyl naphthalenes 

\ 

Yie ld  of Heavy O i l :  53.0 

94.8 
18.2 
10.4 

5.7 
2 . 5  
4.9 
1.7 
9.7 
3.4 

110.3 
21.2 
1 2 . 1  

6.6 

212.0 *247 .O 

Yield  of  Char 290.1 1160.0 

Heat Content o f  Gas: 747 BTU/cu.ft. ( e t h y l e n e - f r e e )  

\ 



TABLE 3 

Cracking Temperature : 850°C Average r e t e n t i o n  t i m e :  0.9 see.  
Steam-coal r a t i o :  1 .O 

Charge: 500 gms. o f  3-1/2 - 10 mesh "Big Chief'" cannel coa l  

Yield o f  Gas: 
Ethylene 
Acetylene 
Propylene 
Butadiene 
Butene -2 
Methane 
Ethane 
Hydrogen 
Carbon monoxide 
Carbon dioxide 

121.1 gms 

45.3 
1.6 
6.6 
2.7 
0.5 
35.7 
2.9 
4.2 
16.7 
4.9 

Yield of Light O i l :  26.6 
Benzene 
Toluene 
Styrene 
C2 Benzenes 
Indene 
Indan/or methyls tyrene 
Naphthalene 
Me t h y 1  naphthalene 

Yield o f  Heavy Oil: 60.7 

Yield of  Char: 272.2 

484.0 l b s / t o n  
181.4 
6.4 
26.4 
10.8 
2.0 

143.0 
11.6 
16.8 
66.0 
19.6 

106.2 
29.9 
11.9 
4.5 
3.1 
6 .O 
2.0 
7.3 
3.0 

509.4 'lbs/ton(MAF) 
191.0 
6.7 
27.8 
11.4 
2.1 

150.5 
12.2 
17.7 
69.4 
20.6 

111.5 
31.4 
12.5 
4.7 
3 . 3  
6.3 
2.1 
7.7 
3.2 

242.8 254.0 

1088.0 
Heat Content of Gas: 728 BTU/cu.ft. (e thylene- f ree)  



TABLE 4 

Cracking Temperature : 850°C Average r e t e n t i o n  t ime:  0 .9  sec.  
Steam-coal r a t i o :  1 .0  

Charge 500 gms. of 3-l/2 - 10 mesh “ S t o l l i n g s ”  cannel coa l  

Yie ld  o f  Gas: 123.0 gms. 491.8 lbs / ton  549.7 Ibs/ton(MAF) 
Ethylene 46.5 186.0 208.8 
Acetylene 2.7 10.8 12 .1  
Propylene 8.6 34.4 38.6 
Butadiene 2 . 9  11.6 13.0 
Butene -2 0.5 2.0 2.2 
Methane 33.9 135.6 152.3 
Ethane 3 . 9  15.6 17.5 
Hydrogen 3.7 1 4 . 8  16.6 . 
Carbon monoxide 1 4 . 1  56.2 63.0 
Carbon dioxide 5.7 22.8 25.6 

Y e l d  of Light Oi : 

Benzene 35.8 40.2 
Toluene 1 4 . 1  15.8 

28.0 112.0  126 .o 

Styrene 5.4 6.1 
C2 Benzenes 4.3 4.8 
Indan/or methyl s tyrene  2.6 2.9 
Naphthalene 8.1 9 . 1  
Methyl naphthalene 3.6 4.0 

Yield of Heavy Oil: 

Yield  of Char: 265.8 1063.0 

Heat Content of Gas: 784 BTU/cu.ft. (e thylene-free)  

71.4 284.0 309.0 
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TABLE 5 

Cracking Temperature : 850°C Average r e t e n t i o n  t ime: 0.9 sec .  
Steam-coal r a t i o :  1.0 

Charge: 500 gms. of’3-1/2 - 10 mesh “Dorothy” cannel coal  

Yield of Gas: 138.0 gms. 
Ethylene 
Acetylene 
Propylene 
Butadiene 
Butene -2 
Methane 
Ethane 
Hydrogen 
Carbon monoxide 
Carbon dioxide 

57.5 
4.1 
9.6 
3-4 
0.5 
37.6 
5.0 
4.6 
9.2 
6.5 

Yield of Light O i l :  33.5 
Benzene 
Toluene 
Styrene 
CB Benzenes 
Indene 
Indan/or methyl s ty rene  
Methyl naphthalenes 

Yield of Heavy O i l :  65.1 

Yield of Char: 236.1 

552.2 lbs / ton  
230.0 
16.4 
38.4 
13.6 
2.0 

150.6 
20.0 
18.4 
36.8 
26.0 

133.8 
43.8 
16.7 
6.3 
3.9 
7.7 
11.1 
4.5 

260.2 

944.0 

587.9 lbs/ton(MAF) 
245.0 
17.5 
40.8 
14.5 
2.1 

160.2 
21.3 
19.6 
39.2 
27.7 

142.3 
46.6 
17.8 
6.7 
4.2 
8.2 
11.8 
4.8 

277 0 

Heat Content of Gas: 794 BTU/cu.ft. (e thylene- f ree)  
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TABLE 6 

Ultimate  Analysis of Heavy O i l :  

"Gay" 
Carbon 90.26% 
Hydrogen 5.00 
Nitrogen 1.35 
Sulfur .62 
Ash 2.01 
Oxygen (by d i f f .  ) .76 

Proximate Analysis of  Char: 
Moisture 0.67% 
Net v o l a t i l e  8.69 
Fixed carbon 66.95 
Ash 23.70 

Ultimate  Analysis of Char: 
Hydrogen 2.82 
Carbon 68.70 
Nitrogen 0.69 
Sulfur 0.37 
Oxygen (by d i f f  . ) 3.72 

BTU/lb. of Char (MAF) 14,350 

I t  s t o 1 1 i n g  s " 

89.58% 
4.94 
,1.57 
.74 
1.60 
'1 * 57 

0.75% 
9.90 
70.56 
18.79 

2.91 
71 -73 
1.46 
1.12 
4.29 

14,680 

"Big Chief 
87 42% 
5.51 
1.38 

0 74 
1.30 
3.65 

0.63% 
9.43 
9.10 
80.84 

3.09 
81.63 
1.46 
0.62 
4.00 

14,865 

If Dorothy " 
88.40% 
4.98 
1.74 
.84 
.66 

3.38 

0.76% 
11.06 
76.89 
11.29 

3.05 
79.59 
1.53 
0.83 
3 071 

14,900 
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It is well known that the ultrafine structure of anthracite exhibits 
molecular-sieve properties (1-6). It has further been shown that upon using 
appropriate activation procedures (during the reaction of anthracite with carbon 
dioxide at elevated temperatures), a large increase in adsorption capacity and 
rate of adsorption can be obtained in the ultrafine structure while still retain- 
ing its molecular-sieve behavior ( 6 ) .  Little quantitative data are available, 
however, on the changes produced in the ultrafine structure of anthracite upon 
thermal treatment to elevated temperatures in the absence of oxidizing gases. In 
this paper, the change in the ultrafine structure of three anthracites upon heat 
treatment has been followed using conventional techniques (gas adsorption and 
density measurements) and the newer technique (unsteady-state diffusion of gases 
from the ultrafine structure). 

EXPERIMENTAL 

Anthracites Used 

Three Pennsylvania anthracites of 200x325 Tyler mesh were used in this 
study. The analyses of the anthracites used are given in Table I. 

Heat Treatment 

Heat treatment up to 1000°C was carried out in a tubular furnace, with the 
power input to the furnace controlled by a Leeds-Northrup duration-adjusting type 
program controller. A desired linear heating rate of 5.0 f O.l°C/min and maximum 
temperatures during soaking within 2°C could be maintained. 
purity was passed over the sample (ca. 25g held in a quartz boat) throughout the 
heating and cooling cycle, after it was first circulated over copper turnings at 
550°C t o  remove traces of oxygen. 

Nitrogen of 99.96% 

In selected cases, heat treatments at temperatures in the range 1200-1700°C 
. were performed in an induction furnace under an atmosphere of helium of 99.98% 

purity. Desired heating rates and maximum temperatures were obtained by manually 
adjusting the power input. 

Apparatus to Measure Properties of Anthracites 

The apparatus and procedures used to measure the properties of anthracite 
have been completely described previously: 
( 9 1 ,  helium density (a), crystallite height measurements (lO,ll), and unsteady- 
state diffusion (12). 
briefly, a differential experimental system was used to avoid errors caused by 
small temperature fluctuations. In principle, the procedure consisted of charging 
the particle sample under investigation with the selected gas up to some pressure 
in excess of atmospheric (by exposure to the gas at the diffusion temperature for 

gas adsorption ( 7 , 8 ) ,  mercury density 

Considering the unsteady-state diffusion measurements 
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24 hr) and then measuring the unsteady-state release of the gas after sudden re- 
duction of the pressure outside the particles back to atmospheric. The charging 
pressure never exceeded 2 atm. and usually was ca. 1.7 atm. Prior to charging 
the samples with gas, they were outgassed at 45OoC for 24 hr." It was essential 
that the outgassing temperature be higher than the maximum temperature of 
diffusion measurement, since removal of water and/or occluded gases'during the 
measurement would invalidate the experiment. 

Detailed studies have been made on the kinetics of VM release from anthra- 
cites (13, 14). The volume and analysis of the VM release, as a function of 
temperature, have been measured. Where appropriate, these results will be pre- 
sented in this paper. The experimental apparatus and procedure have been fully 
described ( 1 3 ) .  

RESULTS AND DISCUSSION 
Volatile Matter Release From Anthracites 

Prior to examining the change in ultrafine structure of the anthracites 
upon heat treatment, results on the liberation of VM and the accompanying weight 
loss during heat treatment should be examined. Samples were heated to maximum 
temperature at 5"C/min and soaked for 24 hr. Table 11 summarizes the results. 
Three separate heating runs were made on St. Nicholas and Dorrance anthracites 
to 800 and 900°C. Weight losses agreed to within &2%.  

For the St. Nicholas and Dorrance anthracites, relatively small decreases 
in weight occurred upon heating to 500°C. 
up to 65OoC for the St. Nicholas anthracite, as seen in Figure 1. 
that a sharp increase in VM release from the St. Nicholas anthracite coincided 
with the occurrence of substantial amounts of hydrogen and methane in the re- 
covered gas. At heat treatment temperatures (HTT) up to 650"C,  the VM primarily 
consisted of carbon dioxide and carbon monoxide. For the Treverton.anthracite, 
a substantial weight loss occurred upon heating to 500°C. This is believed to be 
a result of release of much greater quantities of the oxides of carbon from this 
anthracite relative to St. Nicholas and Dorrance. 

In fact, the VM release remained small 
Figure 2 shows 

It is of interest that the weight losses for St. Nicholas and Dorrance 
anthracites were higher for maximum HTT of 700 and 800'C than for a HTT of 900°C, 
for the particular heating cycle selected. This is thought to be a result of the 
sharp increase in the Hz-C& ratio in the product gas with increasing temperatures 
above ca. 7SO"C, as seen in Figure 2. The equilibrium H2-CH4 ratio for the re- 
action, C + 2H2 % C&, is ca. 10 at 1000°K and 1 atm. total pressure (15). It is 
seen from Figure 2 that the H2-C& ratio in the VM at this liberation temperature 
is ca. 0.3. This indicates either that a sizeable amount of methane is being 
produced as a primary product by desorption of functional groups on the 
coal and then slowly decomposing to produce hydrogen or that the gas pressure 
within the ultrafine structure of the anthracite is very high. For example, 
at lOOO'K and a total pressure of 100 atm., the H z - C h  equilibrium ratio 
is ca. 0.3. Heat treatment runs were made on St. Nicholas anthracite up to 
800 and 9ooBC, but with no soak-time at maximum temperature. In this case, 
the weight losses were 2.7 and 3.1% respectively. With increasing 
soak time (and at a value of less than 2 hr.), the weight loss for the 
* Outgassing at 450°C is thought to have produced a negligible change in the 

ultrafine structure of the St. Nicholas and Dorrance anthracites, as will be 
Seen later from the surface area results. 
matter Treverton anthracite, this outgassing temperature apparently produced 
a significant change in the raw coal. 

In the case of the higher volatile 



38 

900'C HTT eventua l ly  f a l l s  below t h a t  fo r  t he  800"C, BTT, s ince  the  d i f f e r e n c e  in  
average molecular weight of t h e  t o t a l  VM produced f o r  these  HTT w i l l  more than 
compensate f o r  the l a r g e r  volume of Vkf re leased  i n  the  900°C hea t  treatment run. 

It i s  noteworthy t h a t  t h e  weight loss f o r  t he  Treverton a n t h r a c i t e  d i d  no t  
go through a maximum with inc reas ing  HTT. 
and carbon making a g r e a t e r  con t r ibu t ion  t o  the  t o t a l  VI4 f o r  t h i s  a n t h r a c i t e  
and thus  reducing the  e f f e c t  of an inc rease  i n  the  Hz-CIk  r a t i o  on t h e  average 
molecular weight of t he  VM. Confirming r e s u l t s  a r e  no t  a v a i l a b l e  on t h i s  po in t .  

This could be a r e s u l t  of the  oxides 

Surface Areas 

Table 111 sumaarizes t h e  s a r f a c e  a rea  r e s u l t s  obtained from n i t rogen  and 
carbon d ioxide  adsorp t ion .  A s  suggested by Walker and Ge l l e r  (2) and l a t e r  
supported by Anderson, Hofer,  and Bayer (161, a reas  ca l cu la t ed  from carbon 
d ioxide  adsorp t ion  a t  195'K rep resen t  c lose ly  the  t o t a l  su r f ace  a r e a  of c o a l ,  
On t he  o the r  hand, n i t rogen  a t  7 7 ' K  d i f f u s e s  slowly i n t o  pores less than ca.  4.5A 
i n  d i a m e t e r  and thus  is not  adsorbed by most of t he  u l t r a f i n e  s t r u c t u r e  i n  coa l s .  
For hea t  treatment tempera tures  up t o  800'C, t he  a n t h r a c i t e s  r e t a i n e d  t h e i r  l a r g e  
su r face  a reas .  In f a c t ,  f o r  t he  Dorrance and Treverton samples (and probably 
S t .  Nicholas) t h e  su r f ace  a r e a s  went through a maximum with inc reas ing  HTT. The 
inc rease  i n  sur face  a rea  upon hea t  treatment a t  t h e  lower temperatures can be 
a t t r i b u t e d  t o  t h e  r e l e a s e  of gaseous oxides of carbon, r e s u l t i n g  i n  the  opening 
up of pores which were c losed  t o  carbon d ioxide  adsorp t ion  i n  t h e  r a w  a n t h r a c i t e s .  
A s  expected, the Trever ton  a n t h r a c i t e ,  which showed t h e  g r e a t e s t  BM r e l e a s e  a t  
lower temperatures,  a l s o  showed t h e  g r e a t e s t  i nc rease  i n  su r face  a r e a .  A t  HTT 
above 800"C, the t o t a l  s u r f a c e  a rea  of the  a n t h r a c i t e s  decreased sha rp ly  a s  t h e  
u l t r a f i n e  pores  decreased in  s i z e  and u l t ima te ly  became inaccess ib l e  t o  carbon 
d ioxide .  This model w i l l  be f u r t h e r  c l a r i f i e d  by the  uns t eady- s t a t e  d i f f u s i o n  
r e s u l t s .  A s i zeab le  a c t i v a t i o n  energy can b e  a t t r i b u t e d  t o  the  process  which 
decreased the  s i z e  of t h e  u l t r a f i n e  po res .  'That i s ,  f o r  t h e  900°C hea t  t r e a t -  
m n t  run on S t .  Nicholas a n t h r a c i t e ,  wi th  no soak t ime,  the  a rea  was s t i l l  206 
m /g. P 

It i s  seen, from t h e  n i t rogen  adsorp t ion  resul",, t h a t  t he  amount of a r ea  
i n  pores g r e a t e r  than ca.  4.5A va r i ed  widely. These a reas  a l s o  went through a 
maximum wi th  inc reas ing  Hl'Y I 

f o r  t h e  Dorrance and 'Treverton a n t h r a c i t e s ,  
For a eT1' of 900'C the  a reas  were p a r t i c u l a r l y  low 

Dens i t i e s  and Pore Uolumes 

T a b l e  1V presen t s  t he  helium and mercury d e n s i t y  va lues  on a m.m.f.b. The 

A t  low HTT, 
helium and mercury d e n s i t y  of the  mineral  mat te r  i n  a l l  samples was taken a s  
2 . 7  g / cc  (17) .  The helium d e n s i t i e s  increased  wi th  inc reas ing  H X o  
t h e  helium dens i ty  would be expected t o  inc rease  because t h e  r e l e a s e  of the  
gaseous oxides of carbon would open up closed pores .  
up to ca .  80O"C, t he  release of methane would remove carbon atoms and unblock 
pores .  Fu r the r ,  t h e  r e l e a s e  of t he  low dens i ty  s p e c i e s ,  hydrogen, would increase  
the  helium dens i ty .  
i n  helium dens i ty  is a t t r i b u t e d  t o  a decrease  i n  average s i z e  of t he  closed pores 
and t h e i r  u l t ima te  e l i m i n a t i o n .  

I n  t h e  in te rmedia te  range 

A t  HTT above 8OO0C, i t  i s  suggested t h a t  most of t he  increase  

A s  expected from t h e  helium d e n s i t y  r e s u l t s ,  t h e  mercury d e n s i t i e s  a l s o  in-  
creased wi th  inc reas ing  HSI as  seen i n  Table l~', From the  helium and mercury 
d e n s i t i e s ,  the  t o t a l  open pore  volume and po ros i ty  of the  samples can be calcu- 
l a t e d .  The r e s u l t s  a r e  summarized i n  Table V. In s p i t e  of the  l a r g e  inc reases  
i n  d e n s i t i e s  with i n c r e a s i n g  HTT, the  t o t a l  open pore  volumes and p o r o s i t i e s  
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showed erratic and relatively little change. 
pore volume which was eliminated upon heat treatment was located in pores 
already closed to helium. 

This indicates that most of the 
. 

\ 

Crystallite Heights 

AS shown by transmission electron microscopy studies, pore volume in 
carbons can be produced by the irregular packing of crystallites (17). 
it is of interest to compare changes in crystallographic parameters upon heat 
treatment with changes in ultrafine pore structure. Unfortunately, the obtaining 
of quantitative data on crystallite diameter and interlayer spacing is laborious 
(11) and probably, in any case, not meaningful for samples relatively high in 
mineral matter. Quantitative crystallite height values can be obtained relative- 
ly simply ( l l ) ,  (even on impure samples); they are presented in Table VI. No 
apparent relation exists between the change in crystallite height upon heat 
treatment and changes in the ultrafine pore structure. As showed previously for 
other raw carbonaceous solids (181, the crystallite height o f  the raw anthracites 
decreased upon heat treatment at temperatures between 500-9OO'C. Possible 
reasons for this have been discussed (19). 

Therefore, 

It has previously been shown that the closed pore volume in calcined 
petroleum cokes decreases sharply with increase in crystallite alignment (20). 
The relative degree of crystallite alignment can be measured for carbons of 
essentially the same crystallite size from the relative intensity of their (002) 
x-ray diffraction peak (20,Zl). 1(002) values for the anthracites are presented 
in Table VI, normalized to 100 for the raw St. Nicholas sample. Relatively 
minor changes in I ( O O 2 )  occurred with increasing heat treatment temperature for 
the anthracites, showing that significant improvement in crystallite alignment 
did not occur. Therefore, the substantial increase in helium density upon heat 
treatment to 900°C (part of which is caused by a decreasing closed pore volume) 
cannot be attributed to enhanced crystallite alignment. 

Diffusion Parameters 

As considered theoretically by Kington and Laing for the diffusion of 
gases through molecular sieve zeolites (22), when the size of the diffusing 
species closely approaches the size of the aperture through which it passes, the 
diffusion becomes activated. Under these conditions a further small decrease 
in aperture size produces a large increase in activation energy for diffusion. 
Nelson and Walker showed the validity of this concept experimentally for the 
diffusion of propane through 4 and 5A Linde zeolites, obtaining activation 
energies of 8 . 7  and 0.5 kcal/mole respectively 1 1 2 1 ~  
propane, calculated using the Lennard-Jones potential and viscosity data is 
5.1A ( 2 3 ) .  

The kinetic dimension* of 

1 
As indicated previously the parameter, DF/ro, has been calculated from the 

diffusion results. The diffusion coefficient, D, has not been given since the 
yalue of thy diffusion path length, ro, is unknown at present. Studies on the 
change of DF/ro with anthracite particle size clearly shows that ro is not the 
particle radius ( 2 4 ) .  
vation energy for the diffusion coefficient. 
of diffusion temperature, values of D2/ro will be sufficient for this purpose. 

In any case, we were primarily interested in the acti- 
\ Since ro should be independent 

A thorough study was made of the diffusion of gases from St. Nicholas 
anthracite heat treated up to 1700°C. 

*The kinetic dimension is the distance of approach where the potential energy 

For sarnples heated to 9OO'C, the 
I diffusion of nit,rogen, ethane, and argon was studied. For samples heated to 

\ of interaction equals zero. ', 
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higher  temperatures ,  i t  was necessary t o  use smaller d i f f u s i n g  spec ies  i n  order  
t o  have a r a t e  of d i f f u s i o n  which was s u f f i c i e n t l y  rap id  t o  b e  measurable i n  a 
convenient period of t i m e .  Hydrogen and helium were used. 

Figure 3 presents  Arrhenius  p l o t s  f o r  the  d i f f u s i o n  of n i t rogen  and ethane 
o u t  of S t .  Nicholas a n t h r a c i t e  samples hea ted  to  a maximum temperature of 900°C. 
The p l o t s  of n i t rogen  and e thane  d i f f u s i n g  from t h e  r a w  a n t h r a c i t e  are not 
shown, s i n c e  they f a l l  v e r y  c l o s e  t o  t h e  7OO0C sample. Large decreases  i n  the 
d i f f u s i o n  parameters of both n i t rogen  and ethane r e s u l t e d ,  however, when t h e  
HTT was increased from 700 to 900°C. There a l s o  w a s  a s i g n i f i c a n t  i n c r e a s e  i n  
t h e  a c t i v a t i o n  energy f o r  d i f f u s i o n  of both gases  i n  going from a HTT of 700 
t o  900°C, i n d i c a t i n g  a decrease  i n  t h e  average s i z e  of t h e  u l t r a f i n e  pore 
s t r u c t u r e  which i s  de termining  t h e  d i f f u s i o n  r a t e .  A s  expected ethane had a 
h igher  a c t i v a t i o n  energy f o r  d i f f u s i o n  from comparable S t .  Nicholas samples 
than  d i d  n i t r o g e n ,  That i s ,  t h e  k i n e t i c  dimensions of ethane and n i t rogen  
are 4.41 and 3.68A r e s p e c t i v e l y  (23). It i s  noted t h a t  there was some increase  
in t h e  d i f f e r e n c e  i n  a c t i v a t i o n  energy f o r  e thane  and n i t r o g e n  d i f f u s i o n  when 
t h e  S t .  Nicholas sample w a s  hea ted  t o  higher  temperatures .  That i s ,  t h e  
d i f f e r e n c e  i n  a c t i v a t i o n  energy was ca.  1.2 k c a l h o l e  f o r  the  raw a n t h r a c i t e  
and ca .  2.7 kcal/mole f o r  samples h e a t  t r e a t e d  t o  800 and 900°C. This  i n d i c a t e s  
the p o s s i b i l i t y  of producing sharper  molecular s i e v e  e f f e c t s  f o r  d i f f e r e n t  gases 
by hea t  t r e a t i n g  a n t h r a c i t e s .  

Figure 4 p r e s e n t s  Arrhenius  p l o t s  f o r  t h e  d i f f u s i o n  of helium and hydro- 
gen out  of  S t .  Nicholas  samples heated a t  temperatures between 1200 and 1700°C. 
Considerable  experimental  d i f f i c u l t i e s  were encountered i n  these  d i f f u s i o n  r a t e  
measurements. The u l t r a f i n e  pore  volume of t h e s e  samples was low; and, hence, 
t h e  volume of gas  r e l e a s e d  w a s  low (ca.  0.4 c c  a t  S.T.P. f o r  25g samples). 
s l i g h t  v a r i a t i o n  i n  room temperature  a f f e c t e d  t h e  rate measurements. Even 
though t h e  p r e c i s i o n  of  t h e s e  measurements w a s  less than t h a t  obtained for 
samples heated t o  temperatures  below 9OO"C, t h e  Arrhenius  p l o t s  are reasonably 
good. There was an increase i n  the  a c t i v a t i o n  energy f o r  the  d i f f u s i o n  of 
helium wi th  increas ing  HTT. The sample hea ted  t o  1400°C had t h e  same a c t i v a t i o n  
energy f o r  helium d i f f u s i o n  a s  t h e  sample heated t o  900°C had f o r  n i t r o g e n  
d i f f u s i o n .  This i s  s t r o n g  evidence f o r  a continued decrease  i n  t h e  s i z e  of t h e  
u l t r a f i n e  pores with i n c r e a s i n g  HTT i n  t h i s  temperature range. A s  expected,  
hydrogen had a h igher  a c t i v a t i o n  energy f o r  d i f f u s i o n  o u t  of t h e  1400°C h e a t  
treated sample than  d i d  helium. That i s ,  t h e  k i n e t i c  dimensions of hydrogen 
and helium are 2.97 and 2.58A r e s p e c t i v e l y  (23) .  It i s  of i n t e r e s t  t h a t  t h e  
a c t i v a t i o n  energy f o r  he l ium d i f f u s i o n  from t h e  3A Linde z e o l i t e  i s  less than 
1 kcal/mole (24). This  s u g g e s t s  t h a t  t h e  u l t r a f i n e  pores  i n  t h e  S t .  Nicholas 
samples heated t o  1400 and 1700°C had a s i z e  less than 3A.  

A 

Figures  5-7 p r e s e n t  Arrhenius  p l o t s  f o r  t h e  d i f f u s i o n  o f  argon from S t .  
Nicholas ,  Dorrance, and Trever ton  samples h e a t  t r e a t e d  up t o  900°C. 
increases  i n  the  a c t i v a t i o n  energy f o r  d i f f u s i o n  occurred w i t h  i n c r e a s i n g  HTT. 
It i s  of i n t e r e s t ,  however, that  t h e  Dorrance a n t h r a c i t e  showed a g r e a t e r  in- 
c rease  i n  a c t i v a t i o n  energy  f o r  argon d i f f u s i o n  than  d i d  Treverton o r  S t .  
Nicholas. Fur ther ,  t h e  a c t i v a t i o n  energ): f o r  t h e  d i f f u s i o n  of argon from 
Treverton w a s  apprec iab ly  h i g h e r  than t h e  va lues  f o r  t h e  o t h e r  a n t h r a c i t e s ,  
when t h e  samples were hea ted  only  t o  60OoC. Since n i t r o g e n  h a s  a k i n e t i c  
dimension c lose  t o  t h a t  of argon (3.41A), t h i s  is c o n s i s t e n t  w i t h  t h e  f a c t  t h a t  
t h e  n i t rogen  sur face  area o f  Treverton h e a t  t r e a t e d  t o  600°C was considerably 
less than t h e  n i t rogen  area of t h e  Dorrance sample. 

Again, 
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CONCLUSIONS 

Heat treatment of Pennsylvania anthracites in an oxygen-free atmosphere 
above ca. 700°C is seen to decrease the average size of the ultrafine pores. 
The result is a sharp decrease in total surface area, as measured by carbon 
dioxide adsorption for HTT at or above 900°C and a continuous increase in the 
activation energy for diffusion of gases from the ultrafine pores with in- 
creasing HTT. 

We appreciate the financial support of the Coal Research Board of the 
Commonwealth of Pennsylvania which made this work possible. 
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TABLE I 

ANALYSES OF ANTHRACITES 

Coal % Carbon % Volatile % Ash 
- (d. m. f . 1  (d. m. f.) - 

St. Nicholas 94 .O 4 .5  9 .1  
Dorrance 92.7 5.8 9.9 
Tr ever ton 92 .O 9.0 9.7 

TABLE I1 

WEIGHT LOSSES UPON HEAT TREATMENT OF THE ANTHRACITES 

Anthracite 

St. Nicholas 

Dor ranc e 

hever t on 

Heat Treatment Loss In 
Temperature, OC , Weight, % 

5 00 
700 
800 
900 
1000 

500 
600 
700 
800 
900 

5 00 
600 
7 00 
800 
900 

1.7 
3.7 
4.0 
3.6 
4.5 

0.79 
4.2 
5.2 
6.8 
4.6 

4.8 
6.6 
8.4 
9.5 

10.2 

i 
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TABLE 111 

EFFECT OF HEAT TREATMENT ON THE SURFACE AREAS OF THE ANTHRACITES 
2 Heat Treatment Surface Areas, m /g 

Anthracite Temperature, OC Nr COa 
St. Nicholas raw 32.3 220 

700 24.9 2 15 
800 9.6 198 
900 5 . 1  104 

1000 3.7 23.6 

Dorrance 

Trever ton 

raw 34.2 215 
500 38.8 235 
600 23.4 250 
700 10.2 273 
800 6.8 187 
900 1.0 25.9 

raw 1.5 131  
500 2.8 222 
600 7.2 ,243 
700 11.5 216 
800 2.3 208 
900 0.8 61.1 

TABLE 1V 
EFFECT OF HEAT TREATMENT OK THE HELIUM AND MERCURY DENSITIES OF THE 

Anthracite 

St. Nicholas 

Dor r anc e 

Treverton 

ANTHRACITES 
Heat Treatment He1 ium Density 

raw 1.66 
700 1.73 
800 1.80 
9 00 1‘. 86 

1000 2.08 

raw 1.63 
500 1.64 
600 1.65 
700 1.79 
800 1.85 
900 2.06 

raw 1.58 
500 1.63 
600 . 1.67 
700 1.75 
800 2.05 
9 00 2.08 

Temperature, “C glcc 
Me~rcury Density 

g/cc 
1.47 ’ 

1.49 
1.50 
1.56 
1.61 

1.27 
1.35 
1.42 

1.57 
1.65 

1.21 
1.27 
1.36 
1.43 
1.54 
1.65 

- - - -  
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TABLE V 
EFFECT OF HEAT TREATMENT ON THE SPECIFIC OPEN PORE VOLUME 

AND PERCENTAGE POROSITY OF THE ANTHRACITES 
Heat Treatment 

Anthracite Temperature, 'C 

St. Nicholas , raw 
700 
800 
900 
1000 

Dorrance raw 
500 
600 
800 
9 00 

Trever t on raw 
5 00 
600 
700 
800 
900 

Dorrance 

Trever t on 

Porosity % 

0.07 
0.10 
0.11 
0.10 
0.14 

0.17 
0.13 
0.10 
0.10 
0.11 

10.6 
14.2 
16.5 
16.1 
22.6 

22.1 
1 7 . 7  
13.9 
15.2 
18.7 

0.19 23.2 
0.09 11.2 
0.14 18.6 
0.13 18.3 
0.16 25.0 
0.13 20.6 

TABLE VI 
X-RAY DIFFRACTION RESULTS ON THE HEAT TREATED 

ANTHRACITES 

Heat Treatment Crystallite 
Anthracite - Temperature, "C Height, A 

St. Nicholas raw 15.6 
700 10.8 
800 10.8 
900 11.1 

1000 13.0 

raw 18.0 
500 15.8 
600 13.2 
700 11.3 
800 15.2 

* 900 . 13.0 

raw 18.4 
500 14.9 
600 11.2 
700 11.2 
800 11.2 
900 10.6 

I(002) 

100 
105 

97 
103 
106 

131 
122 
117 
100 
131 
122 

100 
96 
80 
78 
86 
94 
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FIGURE CAPTIONS 

Fig. 1 Relationship Between the Volume of Volatile Matter 
Evolved and Temperature for St. Nicholas Anthracite 

Fig. 2 Relationship Between Volatile Matter Composition 
and Temperature for St. Nicholas Anthracite 

Fig. 3 Activation Energy Plots for the Diffusion of Nitrogen 
and Ethane from Heat Treated St. Nicholas Anthracite 

Fig. 4 Activation Energy Plots for the Diffusion of Helium 
and Hydrogen from Heat Treated St. Nicholas Anthracite 

Fig. 5 Activation Energy Plots for the Diffusion of Argon 
from Heat Treated St. Nicholas Anthracite 

Fig. 6 Activation Energy Plots for the Diffusion of Argon 
from Heat Treated Dorrance Anthracite 

Fig. 7 Activation Energy Plots for the Diffusion of Argon 
from Heat Treated Treverton Anthracite 
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Chicago, 111. , August 30 - September 4, 1964 

"PYROLYSIS O F  COAL AND COAL TAR PRODUCTS" 
ROBERT T.  JOSEPH 

CONSULTANT* 

INTRODUCTION 

The history of organic chemistry is intimately tied to the his tory of 
the production and refining of coal ta rs .  F r o m  the heyday of the period when 
the pr ime source of organic chemicals (the dye stuffs, the medicinals, the 
preservat ives ,  the disinfectants) was black coal tar, to the present  (when al-  
mos t  any organic chemical whose s t ructure  can be conceived, may be syn- 
thesis  a lmost  directly f r o m  carbon, hydrogen, oxygen and nitrogen), the t a r  
by-product f rom coal pyrolysis has  been processed for  the 10% low boiling 
products to supply the fine organic chemicals market. The 90% residue r e -  
maining after refining h a s  been channeled to  wherever i t  would f i t ,  f r o m  
creosote  oi ls  for wood preservation to bituminous products for construction and 
road building, or  to fuel for  boilers and open hear ths  whenever the general  
economy drove the pr ice  of the residues into the fuel range. 

The work reported herein was done in an attempt to: 

1. Upgrade the residue products f rom coal tar refining: 

2 .  Seek a method of increasing the yield of highly aromatic  tar 
f r o m  coal by direct  pyrolysis under equilibrium conditions as opposed 
to pyrolysis under a dynamic temperature situation as found in the slot 
type coke oven. 

TO accomplish these aims, cer ta in  assumptions had to be made in 
order  to circumvent the prejudice that had pers is ted for almost a century as to 
the nature of tar formation in  coal processing. 
as: 

These assumptions can be listed 

1. 
indigenous to the coal, but a r e  controlled by the process  conditions 
imposed during such pyrolysis. 

2 .  
nitrogen fragments, of f ree  radical type, along the path of distilling 
pyrolysis products as these products pushed through the bed of coal 
maintained at temperatures  in the region of 1800°F. 

The products t o  be derived f rom coal by pyrolysis are not 

The t a r  and light oils recovered f rom carbon-hydrogen-oxygen- 

* Presen t  Address: FMC Corporation 
P. 0. Box 8 
Princeton, N .  J .  
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3.  
lected as tar and oil left the pyrolytic chamber in  the vapor phase with 
a coke residue in the chamber, these t a r s  and oils can not be  redis- 
tilled under any conditions without leaving a substantial residue of 
coke similar in nature to the coke left i n  the pyrolytic chamber wherein 
the tar and oil had their genesis a s  a vapor. 

The evidence for 2 lay in the fact that while the mater ia l  col- 

EXPERIMENTAL - General Attitudes 

Unlike research  on fine, purified organic chemicals, the field of coal 
and coal products exploration is characterized by the need of a combined chemist 
and engineer approach. 
viously governed by the known laws of r a t e s  and energy utilization. 
other hand, so little is known of the composition of the starting mater ia ls  
that inference, assumptions as to the specific reactions occurring, thermo-chemi- 
cal calculations, o r  model structures, while extremely useful, can lead to 
serious oversight if  taken a s  gospel over experimental observations, because 
the large number of components to be dealt with necessi ta tes  quantities of 
mater ia ls  for tes t  tube operation normally considered a s  pilot plant studies in  the 
fine chemical field. 
residence t imes  and steady-state operation, a continuous flow system i s  required. 

On one hand, the reactions which occur a r e  ob- 
On the 

Furthermore,  in  order  t o  achieve the extremely short 

Accordingly, a ra ther  elaborate description of the ground rules, feed-  
stock identification, apparatus, and operating procedure, i s  given. The 
methods of analysis which a r e  not unique a r e  described by reference. 

EXPERIMENTAL - Ground Rules 

W i t h  these assumptions in mind, it was decided to attempt to repro-  
duce and apply the pyrolytic conditions found i n  the slot type coke oven in such 
a fashion that: 

_. 1. The temperature of pyrolysis would remain constant. 

2. 
proaching 2000°F per  second. 

The heat ra te  applied to the feedstock would be at a ra te  ap- 

3. 
fo r  that period necessary to ra ise  the temperature  of the feedstock 
to 1400 to  1800°F. 

The pyrolytical action on the feedstock would be imposed 

4. 
peratures  a t  the same or  fas ter  ra te  as the feedstock was raised to 
pyrolysis conditions. 

The pyrolytical products would be quenched to ambient tem- 

EXPERIMENTAL - Feedstock Identification 

In order  to demonstrate the general applicability of the system, i t  
was decided to use the following mater ia ls  a s  feedstock: 

. ,4 
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1. 
t he  removal of tar acids ,  t a r  base, naphthalene, res in  and solvente 
f rom that fraction of coke oven tar that boils lip to 270°C te rmed by 
the industry - carbolic oil. 

The liquid oil fractions from coke oven t a r  refining left after 

2.  
crude quinoline fract ion (230 to 250°C) extracted f rom coke oven t a r  
carbolic oil. 

The high boiling residues f rom the distillation refining of the 

3. 
coal via the "Disco" process .  

A coal tar f r o m  low temperature  pyrolysis of an Appalachian 

4. 
(Rockdale) in the P a r r y  fluid bed process .  

A coal tar f r o m  the low temperature  pyrolysis of Texas lignite 

5. A bituminous coal of Eastern origin. 

EXPERIMENTAL - Apparatus Description 

The apparatus used is diagrammed a s  flow sheet and in detail on 
F igures  1, 2, 3, and 4. Figure 1 represents  the apparatus in flow sheet. 
Figure 2 represents  the heating chamber and reforming column for  effecting 
the heating and reforming operations in  connection with the pyrolysis of liquid 
feedstocks. Figure 3 is a horizontal section of the heating chamber taken on 
the line 3 - 3 of Figure 2. Figure 4 represents  the cooled nozzle for spraying 
liquid feedstocks into the heating chamber. 

Referring to  Figure 1 of the drawing, the numerals  1 and 1A represent  
s torage tanks for the feedstock, which a r e  suitably provided with the heating 
jackets  to maintain their contents in fluid form,  and which a r e  adapted to  be 
alternately connected to the feed line 3 by suitable valved connections 2. The 
line 3 is connected to the inlet of a pump 4 for  the feedstock, which in  turn is 
connected by a suitable conduit 5 to the inlet 6 of the jacketed spray nozzle 7 
which is mounted with its spray  tip 8 within a heating chamber 9. 

The heating chamber 9 is adapted to  be heated to temperatures  above 
600°C b y  external heat such as hot flue gases, g a s  flame, or  the like, contac- 
ting the outer walls 10 of the chamber within a suitable furnace 11. The heat- 
ing chamber i s  formed of suitable mater ia l  to withstand the temperature, such 
a s  310 steel, the inner surface of which i s  lined with a thin lining of refractory 
mater ia l  such a s  alumina o r  an  alumina-silica f i re  clay, which functions a s  
cracking c ataly s t. 

Heating chamber 9 is also supplied with an inlet for superheated s team 
15  which is supplied through conduit 16 f rom a s team superheater 17 adapted 
to  superheat by indirect contact s team supplied to  the superheater by a conduit 
18 f r o m  a s team generator 19. 
f r o m  a suitable reservoi r  22 thru valved connection 23 by a pump 24 and a 
conduit 25. 

Water for generation of the s team is supplied 
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The heating chamber 9 communicates directly with an elongated rc-  
forming column 30 which i s  suitably heated to temperatures above 600°C 
by indirect heat, within a heating jacket 31.  
suitable material  capable of withstanding the elevated temperatures,  such a s  
310 stainless steel. 

The chamber 30 is formed of 

The outlet 32 of column 30 is connected to the inlet 33 of a condenser 34 
adapted to be cooled by a suitable fluid flowing through a jacket 35. The outlet 
36 of the condenser i s  connected to a p r i m a r y  liquid product receiver 37 which 
leads to a reflux condenser 38. 
is connected by a conduit 40 to a condenser 41, the outlet 42 of which is con- 
nected by a dip pipe 43 which leads into oil scrubber 44 which i s  partially 
filled with mineral  oil adapted to scrub the gases  and vapors passing through 
it. The outlet 45 of the scrubber i s  connected by a conduit 46 t o  an  empty 
overflow chamber 47 which, i n  turn, is connected by conduit 48 with a dip 
pipe 49 which leads into a scrubber 50 partially filled with a suitable mineral 
acid adapted to remove ammonia and organic bases  present  in the g a s  and 
vapor mixture passing through it. 
nected by a conduit 52 with an overflow chamber 53 which, i n  turn,  i s  connec- 
tqd through conduit 54 with a dip pipe 55 which leads into a scrubber 56 par- 
tially filled with 20% aqueous sodium hydroxide for removal of HtS. 
outlet 57 of the caustic scrubber 56 i s  connected by a conduit 58 t o  an  over- 
flow chamber 59 which, in turn, i s  connected in se r i e s  with two vessels  60 
and 61 which a r e  surrounded by a dry-ice-acetone mixture jackets 6 2  and 6 3  
to reduce the temperature. The outlet 66 of the chamber 61 is connected by 
a conduit 67 with a gas sampler 68 which, i n  turn,  i s  connected by a conduit 
69 to a wet test  meter  70, the outlet of which is connected to a f lare  75 by 
a conduit 74. 

The vapor outlet 39 of the reflux condenser 

The outlet 51 of the scrubber 50 is con- 

The 

Referring to Figures 2 and 3 of the drawing, the heating chamber 9 
consists of a shell 80 formed of 310 stainless steel, mounted in  spaced relation 
within a furnace 81 and surrounded by flues 82, 83, 84 and 85 carrying burner gases  
f r o m  gas burners  87. The exits f rom the flues a r e  connected to a stack (not 
shown). 
si l ica f i r e  clay 79. The heater 9 i s  provided with a jacketed spray nozzle 7 
which is mounted centrally of one wall of the chamber 9 so as to project a 
fine dispersion of the liquid fed into the chamber onto the hot inner walls of 
the chamber. 

The inner surface of the heater 9 is coated with a thin layer  of alumina- 

As shown in Figure 4, the jacketed spray nozzle 7 consists of a tube 
100 surrounded by two progressively l a rge r  tubes 101 and 102 mounted in 
spaced relation t o  provide a narrow passage 105 between them and between 
tubes 100 and 101 for the flow of temperature-regulating fluid, such as water, 
steam, oil, etc. , depending on the temperature to be maintained. Tubes 101 
and 102 a r e  provided with couplings 103 and 104 for the entrance and exit of 
the temperature-regulating fluid. The inner end of the tube 100 is provided 
with a spray tip 8 which is of the type normally employed for dispersing oil 
i n  the fo rm of a cone into an oil burner of the conventional type. 
nozzles a r e  rated according to the number of gallons per hour of No. 2 fuel 
oil which they a r e  adapted to deliver a s  spray under a head of 100 p. S. i. g. 

Such 
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The heater 9 i s  a l so  provided with an  inlet 15 for  superheated s team which 
is mounted within the heater  on the opposite wall f rom the spray nozzle 7 so a s  
to deliver superheated s t eam into the inter ior  of the chamber 9 in intimate con- 
tact with the spray of feedstock f rom nozzle 7. 

The reforming column 30 is mounted on the heating chamber 9 in 
direct  communication with the interior thereof, and i s  surrounded by heating 
jacket 31. It i s  provided with a screen  110, 16 mesh stainless steel screen,  
mounted near  the bottom thereof and adapted to re ta in a column of reforming 
catalyst 29 within the column 30. 

The apparatus is provided with suitable temperature-recording mech- 
an ism connected to thermocouples a t  the following points: 115 within the in- 
te r ior  of the heater 9; 116 in  the interior of the heating column 30; 117 in  the 
inter ior  of the heating column 30 near  the top thereof; 118 in the outlet 32 
of the column 30; 119 at the outer wall of the column 30; 120 i n  the interior 
of the jacketed nozzle 7; and 121 in  the inter ior  of the s team inlet 15. 

The apparatus i s  fur ther  provided with means for  recording p res su res  
*b (not shown) at suitable points within the apparatus, such a s  the interior of 

the heating chamber 9, the top of the column 30, the s team superheater 17, 
and the conduit 5 of the spray nozzle inlet 6. Suitable heating jackets  (not 
shown) are also provided for the l ines  and other pa r t s  carrying fluids a t  
temperatures  above atmospher ic.temperature. 

' 

4 

EXPERIMENTAL - Operating Procedure 

In the operation of the apparatus r e fe r r ed  to above, with oil feedstocks, 1 
the heating chamber 9 and reforming column 30 a r e  first brought to temperature  
by suitable passage of burner  gases  through the furnace 11 and heating jacket 
31. Water is then introduced into the steam generator 19 and heat is supplied I 

to the s team superheater 17, and superheated s team i s  pumped into the heating 
1 

If coke is employed in the reforming column 30, which constitutes 
the p re fe r r ed  practice, some water-gas is formed in the reforming column 
and passes  through the sys tem and is burned a t  the f lare  75. 
continued until the system i s  c leared of a i r  by the passage of steam, evidenced 
by condensation of water in  the condenser 34 and pr imary  liquid product r e -  
ceiver 37. 

L 

-chamber 9. 

Operation is 

Pump 4, supplying the particular liquid feed to  be pyrolyzed, i s  then I 

placed i n  operation and the temperature-regulating fluid is passed  through the 
tubes 101 and 102 to regulate the temperature  of the feed and maintain it at 
the des i red  temperature. To  prevent the starting material f r o m  undergoing 
undesirable preliminary decomposition, with resultant plugging of the spray 
nozzle, the feed to the pyrolyzer is preferably maintained at a temperature  
below 150"C, and usually at a temperature  mere ly  sufficient to insure  adequate 
fluidity for  spraying through the spray nozzle. 
fluid at  temperatures  lower than 110°C. 

/ 

f 

Ordinarily the feed is adequately ,-' 
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Adequate p re s su re  is exerted by pump 4 to  secure a fine dispersion of 
the feed within the heating chamber 9, depending upon the ra te  of feed desired 
and the size of the spray tip 8. The ra te  of feed of superheated s team through 
inlet 15 is then adjusted to the desired rat io  with respect  to the feed of stock 
through the spray tip 8. 

Operation is then continued with adjustment of the heat supplied to the 
heating chamber 9 and reforming column jacket 31; since with continued opera-  
tion the supply of heat required to maintain operating temperature  decreases ,  
presumably by reason of the fact that exothermic a s  well a s  endothermic r e -  
actions occur in the heating chamber and reforming column. 

T a r s  produced by the process  a r e  condensed and collected in the r e -  

Or-  
ceiver 37 together with unreacted s team which condenses as water. 
oil fractions a r e  absorbed and removed in  the mineral  oil scrubber  44. 
ganic bases  and ammonia a r e  removed in the acid scrubber 50. 
sulfide is removed in  the alkaline scrubber 56. 

Light 

Hydrogen 

The t a r s  do not always f o r m  completely in receiver 37, but sometimes 
tars also a r e  formed far ther  along in  the recovery system. Thus t a r  has  been 
found to collect in the oil scrubber 44, and in  some cases  a crystalIine ma- 
ter ia l  was formed in vessels  60 and 61 which, when warmed to  room tempera-  
ture, formed a ta r .  

With pulverized coal, the oil feed mechanism was replaced by a 
screw feeder and the coal-was blown into the chamber by superheated s team 
as it left the water cooled screw within the chamber. 
type of mechanism proved extremely difficult, and i n  most cases ,  impossible. 
This was in 1953. 

The operation of this 

EXPERIMENTAL - Material Balances and Yields 

Interpretation of the data demanded accurate  account of the distribution 
of the intake mater ia ls .  Accordingly, all feedstock, water, sweep gases  were  
measured by weight o r  volume and subsequently converted to weight. 
weight of a l l  samples taken was accounted for  and such weight prorated to the 
proper par t  of the flow sheet. 
by direct weight before, during, and after each experimental run. 

The 

Wherever possible, quantities were obtained 

An accurate  log of each run was maintained which permit ted logical 
distribution of losses  in the calculation of the yields. Yields could then be 
based on the hydrocarbon feedstock, the s team feed, o r  a combination. In 
this fashion, some assessment  of the origin of the products could be made. 

EXPERIMENTAL - Analytical 

Composition of the gases  was determined by mass spectral  analysis 
(Consolidated Electrodynamics) on samples  taken continuously throughout 
the run. 
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Composition of the t a r s  and light oils was determined by analysis of 
component fractions cut f r o m  the tar  by fractional distillation, using a 1 inch 
by 36 inch Stedman packed column operated a t  maximum efficiency. 
percent readings were taken for  the drawing of boiling curves and fractions 
were  cut to  correspond to  standard cuts used in the coal tar  refining in- 
dustry - pre-benzene, benzene toluene, solvent naphtha, high flash solvents, 
naphthalene, crude quinoline, creosote oils and pitches. Analysis of these 
fractions were by methods standard to the industry and published in  the 
ASTM Specifications, the British* Methods of Testing Coal T a r  Products  and 
publications of ta r  ref iners  i n  the United States. 

One 

RESULTS AND DISCUSSION O F  THE RESULTS 

Results, along with conditions that produced such resul ts ,  a r e  given 
in  Tables I thru V. In Tables LLZ and IV,  the format  i s  so  arranged a s  to  
facilitate comparison between individual feedstocks and products derived 
therefrom. The data presented, of necessity, a r e  selected. In making the 
selection, considerable effort was made to include representative resu l t s  
where such results were  relatively representative. However, wherever 
observation indicated that  a n  apparent variation could nat be a s ses sed  against 
known difficulties in  experimental technique, these a r e  recorded and SO an- 
notate d. 

I 

r 

1 

While not shown in  all cases  where the cracking temperature  was below , ' 

700°C very little reaction took place other than the formation of coke in*the 
chamber by distillation of the light ends. As indicated in Table I, in  all cases  
the water fed to the reaction reacted to some small  percentage. And while 
there  is some indication of straight water g a s  reaction, there  i s  also evidence 
that the water may have decomposed and added to the carbon-hydrogen frag-  
ments a s  tar. 
s team drastically inhibited carbon lay-down and coke formation. 

One thing was noted throughout the experiments - the use of 

In  all cases ,  the most  drast ic  change in composition of the feedstock 
Gas yields varied f rom 4% for the tar base res i -  occur red  by gasification. 

dues to  41% for the lignite tars. 
gas  yields. 

Both low temperature  tars produced high 

The light oils, oils with densities lower than water at room tempera-  
ture ,  were  produced i n  about the same quantities regardless  of feedstock, 
and for the most par t ,  were  a crude BTX fraction. 

, 
/ Considering Table II, the obvious points of departure a r e  the produc- 

tion of unsaturated gases  a s  opposed to more  stable hydrocarbons. 
seems to be the function of the cracking temperature  varying f rom a t race  to 
2.0% over a temperature range of 750°C to 925°C. 
more  acetylene was derived f r o m  coal a t  825°C than f rom lignite tar at 

* T a r  Products Tes t  Committee, Gomersal 

Acetylene 

However, about 150% ,- 

I 

i 
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9 2 5 ° C .  No data were collected to differentiate between the reaction tem- 
perature and the feedstock a s  the cause of this difference. However, since 
at 800°C high temperature  coke oven t a r  yields about . 370 acetylene, it seems 
logical to a s ses s  this increase in this product against the feedstock. 

A second observation deals with the ease with which pr imary  a ro -  
mat ics  a r e  produced. 
a s  such, i s  the predominant component of the solvents to  2 0 0 ° C .  
situation also holds for  the t a r  acids and bases. 
form almost 8070 of their corresponding fraction while substituents in  
these genera a r e  absent o r  present only in  minor quantities. 

Benzene, while not shown specifically in  Table II 

Pyridine and quinoline 
This 

Naphthalene, a most valuable constituent in  coal ta r ,  volumewise, 
forms  readily at all temperatures  employed. The compoun@, almost com- 
pletely absent f rom t a r s  produced by carbonizing coal in  500°C range, is ob- 
tained in yields upward to 14% of the feedstocks. 
doubtful reliability a r e  yields of naphthalene as high a s  2870 of the feedstocks 
charged - using either carbolic oil res idues o r  the lignite t a r  f r o m  the P a r r y  
grocess .  

Not shown because of 

The resulting pitches a r e  peculiar in that for comparable softening 
points the quinoline insoluble component i s  low. 
ucts a r e  easily employed in  saturation operations. 
distributions were obtained on these mater ia ls ,  but the high benzene insol- 
uble, coupled with the low quinoline value, would indicate a product of lbw 
molecular weight in  narrow distribution - a product of high uniform quality. 

As they stand, these prod- 
No molecular weight 

With respect to the effect of this type of treatment on high boiling tar 
bases, Table II indicates that pyridine, quinoline, and a high nitrogen content 
pitch can be formed f rom this  heterogeneous low value crude. 
pitch may well have seeding advantage i n  the electrode formation process  
because of the nitrogen backbone in i t s  polymer structure. 

This type of 

Concerning the work with Pond Creek coal, the resu l t s  should not 
be taken in any sense other than the indicative. 
countered with the feed mechanism and a really reliable set of data could not 
be obtained. 
ordinary smell, the tar would be classified a s  produced a t  high, ra ther  than 
low temperature carbonization. 

Extreme difficulty was en- 

Insufficient tar was recovered for accurate evaluation] but by 

Table IV l i s t s  the proximate analysis of the coal use. N o  other i n -  
formation, other than the name, was available. The coal appeared dried and aged. 
However, i f  it were aged, the aging was insufficient to destroy coking properties. 

Since there  has  been much argument as to the paraffin nature of low 
temperature  tars, a paraffin distribution study was run on the feedstock to  Run 
No. 3. The producer of this ta r  indicated that yields of 20 to  25% t a r  might be 
expected f rom the coal used. 
40% uncarbonized o r  partially carbonized coal, he said production would yield 

And while this sample contained approximately 

?. 
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tars of 1 to  5% solids content. 
paraffin distribution analysis  were run on tar that had been cleaned by 
filtration. 

This pyrolytic study and the resultant 

Table  LLI lists the results of this study. While there  is no major 
paraffin component in  th i s  low temperature ta r ,  those that are there  ap- 
pear  to be evenly distributed. 
boilers and fragments which appear to cyclize to aromatics. 

On pyrolysis, these a r e  cracked to low 

Table V attempts a comparison between the pyrolysis products a s  
they a r e  formed on contact with the hot chamber and the flared gases  after 
tar removal by condensation and scrubbing. These samples  were taken and 
quenched immediately in  a bath of dry ice  and acetone and kept a t  that tem- 
perature  until admission to the mass spectrometer. 

It can be seen that the hydrogen, methane and acetylene that appear 
on pyrolysis a r e  rapidly t ransformed to t a r  and oil products in  the period of 
t ime necessary to t r ave r se  the apparatus - about 2 seconds. 
servation was noted in  this  same work. 
cracking chamber crystal l ized out as a fine white crystal  on the walls of the 
trap. When allowed to  come to room temperature  in not l ess  than five minutes, 
the white crystals  first turned to a pale yellow, then a bright brown-red, then a 
brown. 
f o r m  droplets of black tar. 

Another ob- 
The mater ia l  withdrawn f r o m  th? 

At those stages, melting began and the brown crystals  coalesced to  

This  work i s  a summary  of a much more complete study that covers  
some 5 y e a r s  of effort and explored in replication, a wide variety of feed- 
stocks. 

Nevertheless, regard less  of the source of the feed, the data so ob- 
tained f i t s  the general pat tern of the resul ts  reported here. 
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TABLE II3 ) 
! COMPARISON OF PARAFFIN CONTENT O F  FRACTIONS 

L o w  Temperature Ta r  (Run #3) Vs. Reformed Low Temperature Ta r  

Feedstock 
, 

Product 

Fraction by Boiling Point % of Feedstock 70 of Fraction 70 Product 70 of Fraction 

75 to 9 0 ° C  
90 to 125°C 

125 to 150°C 
150 to 200°C 
200 to 230°C 
230 to 250°C 

0 .00  0.00 
1. 17 17.00 
0. 10 17.80 
1.01 18. 60 
2. 84  18. 50 
1. 69 22.20 

0.00 0.00 
1. 42 71.00 
0.00 70.00 
0 . 0 1  0.10 
0.04 0.10 
0.00 0.00 

/ 

TABLE IV - 
ANALYSIS O F  COAL USED 

Name 
Volatile Matter 17.0% 
Fixed Carbon 79.0% 
Ash 6.0% 
Moisture 0.0% 
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TABLE ..V. 

COMPARISON OF GAS COMPOSIT-ION (Run No. 5) 

Cracking Chamber Vs, F1are.d Gas 

Component . Cracking Chamber F lared  Gas 

Hydrogen 
Methane 
W a t e r  
Carbon Monoxide 
Nitrogen 
Acetylene 
Ethylene 
Ethane 
Oxygen 
Argon 
Carbbn ‘Dioxide 
Benzene 

70.4 
22. 1 

0.2 
0.0 
0.0::: 
4. .2 

‘ 0 . 3  
0.3 
0. 7 
0.0 
1. 5 
0. .2 

* N o t  representative since .ga’s was analyzed 
o n  a nitrogen-free .basis 

55. 8 
-18.5 

0 .2  
20.0 
0.0 
.2. 4 
0.7 
:o. 5 
0.0 
0:o 
.2..2 
0.0 

‘\’ 
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Presented Before the Division of Fuel Chemistry 
American Chemical Society 

Chicago, Ill., August 30 - September 4, 1964 

DEVOLATILIZATIQN OF COAL I N  A TRANSPORT REACTOR 

L. D. Fr iedman,  E.  Rau, R.  T. Eddinger 

FMC Corp., ChemicalResearch and Development Center, Princeton, N. J .  

INT ROD U C TION 

The objective of the c h a r  Oil Energy Development (COED) project, - -  
sponsored by the Office of Coal Research, is tz  develop a process for  conversion 
of coal to a pumpable mixture of char and oil.  The work reported herein i s  part  
of the Project  COED investigation. 
involves the pyrolysis of coal using very high heating rates  and very  short  res i -  
dence t imes.  Aside from reducing equipment costs, rapid pyrolysis is also de- 
sirable because volatile yields from coal a r e  increased. In fact, under selected 
conditions, the quantity of mater ia l  volatilized exceeds the ASTM volatile -matter 
content of the coal. 

One approach to developing such a process  

Systems most  commonly employed to achieve the extremely rapid heating 
rates  needed for maximum devolatilization- -shock tubes, flash-heating apparatus 
and hot-s t r ip  micros copes^--use such small  samples that analysis and characteri-  
zation of the products i s  difficult o r  uncertain. 
come by using a dispersed-phase transport  reactor .  
quantities of coal can be heated for short  periods at ra tes  of more  than 2500°C. 
per  second. 

This drawback can be largely over- 
With this system, l a r g e r  

EXPERIMENTAL AND RESULTS 

The transport  reactor ,  shown in Figure 1, i s  an externally heated tube 
through which coal is transported by means of an iner t  gas.  Coal is charged from 
a hopper by means of a Syntron vibrator o r  a screw feeder.  The coal is transported 
through the reactor by the c a r r i e r  gas.  The reactor is heated by a Globar-heated 
combustion furnace. On leaving the reactor,  the bulk of the char  i s  collected in a 
cyclone; the balance, in a settling vessel  along with some t a r .  
fine partiqles a re  collected on glass-wool filters. 
effective than an electrostat ic  precipitator followed by dry  ice-acetone and/or 
liquid nitrogen cold t raps .  ) A cold t rap  af ter  the f i l ters  collects moisture en- 
trained in the gas, and the gas  is metered and sampled for  mass-spectrographic 
analysis.  

T a r  mist  and ultra- 
(These were found to  be more 
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I 
! 

Char collected a f te r  the cyclone is washed with acetone to remove i 

[ ' 
t 

condensed t a r .  
char  from the cyclone. 
and the weight of acetone-soluble tar determined. 
solids and t a r s  on the fi l ters i s  determined by quinoline solubility. 

The washed char i s  dried a t  110°C. and i s  analyzed along with 
Acetone is evaporated from the acetone-solution of t a r ,  

The respective amounts of 

J Elkol coal, a sub-bituminous B coal f rom Wyoming was used in these 
studies. The analysis of this coal i s  shown in Table 1. (. 

I 

TABLE I 

Analvsis of Elkol Goal 
Elkol Mine 

The Kemmerer  Coal Company 

Proximate Analysis, wt. 70 
Moisture 
Volatile Matter 
Fixed Carbon 
Ash 

Ultimate Analvsis, wt. % 

As-Received Dry  Basis 
12.8 - 
35.5 40.8 
47.6 54.5 

4 .1  4.7 

Carbon 
Hydrogen 
Nitrogen 
Sulfur 

. Oxygen 
Ash 

7 0 . 7  
5 .4  
1 . 2  
1.0 

17.1 
4.7 

One of the objectives of this study was to volatilize a maximum amount 
F r o m  these studies, i t  was found that the two most important factors in of coal. 

the volatilization of coal were the c a r r i e r  gas velocity and the furnace temperature.  

h The quantity of residual volatile mat ter  in the product cha r s  decreases  
a s  the ca r r i e r  gas velocity, calculated a t  22°C. and 1 atmosphere,  i s  decreased 
from 20 to 4 feet pe r  second. This decrease in gas velocity, shown in Figure 2,  
increases the calculated average residence time of coal in the 8-inch hot zone of 
the combustion furnace from about 8 to 40 milliseconds. All of these runs were 
made with the same coal feed ra te  and with a furnace temperature  of 1100°C. The 
lowest volatile-matter content shown in this figure i s  about 6 t imes grea te r  than 
that obtained when the same coal is heated in a fluidized bed at 1100°C. fo r  15 
minutes. 
the transport  reactor a t  1100°C. results f rom insufficient t ime for devolatilization 
to be completed o r  from the char  being quenched before it reaches the furnace 
temperature.  Because of the difficulty in  determining t rue  char  temperatures 
during devolatilization. all temperatures given herein a r e  furnace temperatures.  

\ 

It is not known whether the relatively low devolatilization obtained in 
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Higher furnace temperatures  cause increased devolatilization of coal, as  
shown in Figure 3. This is  t r u e  for a l l  c a r r i e r  gas velocities shown in the figure. 
On the other hand, reducing the c a r r i e r  gas velocity below 4 feet per  second does 
not increase the amount of coal devolatilized. 
temperatures  above 1500°C. could not be attained with this system. It should be 
noted that char prepared at  1500°C. with a l inear helium velocity of 4 .0  feet per  
second sti l l  contains 2 . 7  percent of volatile components, a s  determined by the 
ASTM volatile -matter tes t .  

Because of heating limitations, 

The foregoing indicates that complete devolatilization of the coal cannot 
be obtained in the transport reactor  when using cold helium a s  the c a r r i e r  gas.  In 
an attempt to add additional heat to the system, helium preheated to 550°C. was 
used a s  the c a r r i e r  gas. A comparison of results obtained when using heated and 
unheated helium a s  c a r r i e r  g a s e s  i s  shown in Figure 4. At 11OO"C., the product 
char obtained with heated helium c a r r i e r  gas contains about four percent less  vola- 
tile mater ia l  than that obtained with the cold helium, but the difference decreases  
a t  higher temperatures and virtually disappears a t  1400°C. 
also,  no difference can be found in the amount of coal devolatilized when the l inear 
helium velocity is reduced f r o m  4 . 0  to 2.5 feet per  second. 

With heated helium 

When steam is used in  place of helium a s  a c a r r i e r  gas,  about 10 to 15 
percent less  devolatilization is observed. 
heat and lower thermal conductivity of steam, a s  compared to helium. 

This i s  attributed to the higher specific 

Typical product yields obtained with glazed porcelain tubes at  1100 and 
1300°C. a r e  shown in Table II. 
than a t  llOO°C., a s  shown in Figure 3 and, in the volati le-matter and a s h  contents 
of the chars  shown in Table 11, more  solids a r e  produced a t  the higher temperature.  
The g a s  produced a t  1300°C. contains less  hydrocarbons than the gas formed a t  
1100°C. 
tu re  to fo rm solids. 
of vapor-cracked carbon f rom practically a l l  of the runs made a t  1300°C. and higher 
temperatures .  
chars  on sieving, o r  it may be elutriated from the char in a fluidized bed, 

Although more coal i s  devolatilized a t  1300°C. 

This suggests that volatile hydrocarbons a r e  cracked at  the higher tempera-  
Confirmation of the cracking reactions was obtained by isolation 

~ 

This carbon accumulates in the coarse  and fine fractions of the product 

Photos of vapor-cracked carbon a r e  shown in Figures  5 and 6 .  

The quantity of vapor-cracked carbon formed in miscellaneous runs a t  
1300°C. is shown in Table 111. After repeated use,  porcelain tubes cause more  
cracking, a s  evidenced by the vapor-cracked carbon contents of Runs 89 and 93. 
The low vapor-cracked carbon content of the solids f rom Run 95 is attributed to  
the use of undried coal. 
of coal particles.  
of the hydrocarbons in the c a r r i e r  medium which simulated a recycle gas. 

Apparently coal moisture delays the temperature r ise  
The high yield of carbon in Run 96 may be partly due to cracking 
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TABLE II 

t 

7 

\ 

I 

Product Yields Obtained in Glazed Porcelain Reactors 
100-x200-mesh Elkol Coal 

Helium C a r r i e r  Gas Velocity, 4.0 f t . /sec .  

88 97 - Run No. 
Furnace Temperature,  "C. 1100 1300 
Feed Rate, gm./hr. 132 124 
Coal Charged, gm. 111 62.2 

Coal Converted, %, d r y  basis  
Char 50.1 55.3 
T a r  3.6 1 .8  
Moisture 2.7 2.1 
Gas 43. 6 40.8 

- 

Make-Gas Analysis, mol % 
HZ 22.5 49.0 

CzHz 4 .3  7 .2  

co 35.4 28.6 
COZ 7.5  6.0 
c3+ 0 . 7  0 .3  

Volatile mat te r  15.6 5 .6  
A s h  4.6 6 .4  

cH4 18.2 7.7 

CZ 10.5 1.1 

Char Analysis, 70, d r y  basis  

TABLE III 

Formation of Vapor-Cracked Carbon a t  1300°C. 
(Basis: Ash Balance) 

Run. 
No. 
89 
93 
954 
96' 

- 
Solids 

Recovered, 
wt. % 
46. 0 
52.0 
50.5 
57.9 

Percent  Vapor- 
Cracked Carbon 

4 . 8  
14.6 
6 .9  

16.2 

Corrected Char 
Yield, wt. % 

41.2 
37.4 
43.6 
41.7 

Undried Elkol coal  used. 
Recycle gas  used as ca r r i e r .  



70 

The most significant aspect of Table 111, however, i s  that, if the 
solids recovery i s  corrected for the calculated carbon content, the corrected 
char yield i s  about 41 percent .  This figure is considerably lower than the 
char  yield obtained a t  1100°C. Thus, i t  appears  that on raising the furnace 
temperature  from 1100°C. t o  1300°C. the amount of coal volatilized is in- 
creased, but the effect is masked by the simultaneous production of vapor- 
cracked carbon. 

If the true char yield of 1300°C. i s  41 weight percent of the dried 
coal, then 59 percent of this coal must have been volatilized. 
above the 41 percent indicated by the ASTM volatile-matter determination. 
Moreover, the char st i l l  contains about 6 percent volatile matter which can 
be removed. Thus, about 60 to 6 5  weight percent of this coal can probably 
be volatilized by rapid pyrolysis.  

This i s  fa r  

In order  to reduce the secondary cracking reactions, the heating 
zone of the combustion furnace was shortened from 8 to 4 inches by changing 
the Globars. To g e t  a temperature  of 1100°C. with the shorter heating zone, 
it was necessary to preheat the c a r r i e r  gas to about 450°C. Results obtained 
with the 4-inch Globars a r e  presented in Table IV.  

The total amount of volatile products produced a t  1100°C. in these 
runs is about one-fourth lower than in Run 88, Table 11, but the distribution 
is different. 
gas is decreased. The gas has  a higher concentration of hydrocarbons and 
less hydrogen, indicating that l e s s  cracking occurs  in the shorter hot zone. 
Also, the yieldand volatile content of the chars  a r e  higher than from Run 88 
shown in Table 11, indicating l e s s  devolatilization of coal in the shor te r  heating 
period. 

Thus, t a r  production is increased substantially and the yield of 

DISCUSSION OF RESULTS 

The high yield of volatile mater ia l  f rom the devolatilization of coal in 
the t ransport  reactor is believed due to  the extremely fast heating ra tes  and the 
short  residence t imes used. When coal i s  pyrolyzed, devolatilization and poly- 
merization reactions occur simultaneously. The velocity of the polymerization 
reactions is slower than that of the devolatilization reactions; and in the short  
residence t imes employed in this dilute-phase reactor  system, reaction products 
a r e  quenched and recovered before extensive polymerization of reactive species 
can occur.  

i 
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TABLE IV 

Devolatilization with 4-inch Globar Heaters. 
100-x200-mesh Elkol Coal 

Helium C a r r i e r  Gas Velocity, 4.0 f t . /sec .  

Run No. 
Furnace Temperature,  "C. 
Feed Rate, gm./hr.  
Total Coal Charged, g m .  

Coal Conversion, wt. %, dry  basis  
Char 
T a r  
Water 
Gases  

Make-Gas Analysis, mol 70 
HZ 
cH4 
CzHz 
CZ 
GO 
COZ 

'gH6 
c3 

Char Analysis, wt. %, dry  basis  
Volatile ma t t e r  
Ash 

TABLE V 

80 
1100 

120 
50.1 

- 

57.1 
10.6 
6 .3  

26.0 

15.9 
17.9 

1.2 
13.9 
37.8 
9 .9  
0 .4  
3.0 

20.5 
4 .2  

81  
1100 
- 

127.5 
53 .3  

6 0 . 0  
9 .3  
7.0 

23.5 

17.4 
17.5 
0.6 

1 5 . 7  
33.6 
12.4 
0 .3  
2.5 

21.9 
4.8 

Products Residence Times in Transpor t  
and Fluidized-Bed Reactors 

Residence Time, Transport  Fluidi zed - Bed 
seconds Reactor Reactor 
Gas 0.01-0.04 1-2 
Solids 0.01-0.04 900 ' 

4 

'\ 

I 
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In Figure 2 it was shown that coal particles do not reach the indicated 
furnace temperatures,  even a t  the lowest c a r r i e r  gas  velocities (or longest 
residence t imes) used. 
and solids were heated in the transport  reactor,  the char and gas analyses were 
compared with s imilar  analyses obtained by devolatilizing this same coal in a 
3-inch fluidized-bed reactor .  
r i g id  than might be desired,  and the residence t imes of char in the two reactors  
is very different, a s  shown in Table V. Based on the analyses of products from 
the two reactors,  the temperatures  of the gas and char in the transport  reactor 
were estimated to be about 300 and 500"C.,  respectively, below that of-the furnace. 
These resul ts  are summarized in Table VI. 

In order  to estimate the temperature to which gases 

This method of determining temperature i s  l ess  

TABLE VI 

Estimated Temperatures  Inside Transp,ort Reactor 
C a r r i e r  Cas  Velocitv, 4. O f t .  / sec .  

Furnace Temperature,  "C. 1100 1300 

Estimated Temperature ,  "C. 
F rom hydrogen content of gas 775 980 
F r o m  hydrocarbon content of gas 790 980 
F rom VM of char  625 760 

The lower char temperature  probably results from ablation effects in which the 
rapid evolution of gases  and t a r s  lowers the temperature of the char particle.  
Similar,  though l e s s  striking, results a r e  reported by W. Peters '  in devolatili- 
zation studies made with longer char  residence t imes.  

In summary, the t ransport  reactor  i s  effective for studying devolatili- 
zation of coal. With ex- 
t remely short  residence t imes ,  the amount of coal that can be volatilized i s  ap- 
preciably greater  than that determined by the ASTM volatile-matter determination. 
Above llOO°C., formation of vapor-cracked carbon becomes extensive, probably 
due to cracking of t a r s  and gases .  Lastly, by varying the residence t imes within 
a hot zone, the distribution of products may be al tered considerably. 

Coal devolatilization reactions proceed very rapidly. 
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FIGURE 2 
Effect of C a r r i e r  Gas Velocity on Coal Devolatilization 

Furnace Temperature 1100°C. 
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FIGURE 3 
Effect of Furnace  Temperature on Coal Devolatiliaation 

Coal Charge Rate - 120 gm./hr. 
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FIGURE 5 
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FIGURE 6 

Vapor-Cracked Carbon in Elutriated Material 
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P r e s e n t e d  Befo re  t h e  E i v i s i o n  o f  Fue l  Chemis t ry  

Chicago ,  Ill., n u g u s t  30 - September  4 ,  1964 
American Chemical  S o c i e t y  

by V i .  P e t e r s  and H. B e r t l i n g  

Ber gbau -For schung G . m . b Id., E ss en  - K r  a y 

1. I n t r o d u c t i o n  
I n  form o f  t h e  s o c a l l e d  'ILK-Process", deve loped  i n  team-work by 
"Lurgi  G e s e l l s c h a f t  f i i r  2mametechnik mbH" i n  F r a n k f u r t  and "Ruhrgas 
AG" i n  Essen ,  t h e  r a p i d  d e g a s i f i c a t i o n  o f  c o a l  h a s  o b t a i n e d  t e c h n i c a l  
impor t ance .  

The b a s i c  phenomena o f  t h e  r a p i d  d e g a s i f i c a t i o n  o f  c o a l  h a s  been 
i n v e s t i g a t e d  i n  t h e  l a b o r a t o r y - s c a l e  i n  e s s e n t i a l  w i t h  an equipment 
shown i n  f i g u r e  1. The most i m  o r t a n t  p a r t  o f  t h i s  equipment  i s  t h e  
d e g a s i f i c a t i o n  rnixing chamber r b j .  A f t e r  h e a t i n g  up ,  t h e  f i n e - g r a i n e d  
h e a t  c a r r i e r s  ( coke  o r  sand)  a r e  p l a c e d  i n t o  t h e  r e a c t o r  ( b ) .  
Immedia te ly  behind  t h e  i n l e t  o f  h e a t  c a r r i e r s ,  c o a l  o f  t h e  same g ranu-  
l a t i o n  i s  f e d  i n t o  t h e  mixing chamber. Due t o  t h e  h i g h  mixing  r a t i o  
o f  h e a t  c a r r i e r s  t o  c o a l  ( a b o u t  3C t o  6 : I ) ,  e ach  i n d i v i d u a l  c o a l  
g r a i n  i s  v e r y  r a p i d l y  h e a t e d  and d e g a s i f i e d .  AS t h e  g a s  development  
t a k e s  p l a c e  s p o n t a n e o u s l y  and a s  t h e  mixing  chamber i s  f a i r l y  s m a l l ,  
t h e  p e r i o d  o f  s o j o u r n  i s  less  t h a n  0.5 SBC. A f t e r  d i s c h a r g e ,  t h e  
p r o d u c t s  a r e  immedia t e ly  c h i l l e d  and p a r t l y  condensa ted  ( f  t o  h)  . 
The c h a r  coke i s  t r a n s p o r t e d  from t h e  second d e g a s i f i c a t i o n  r e a c t o r  
( d )  i n t o  t h e  c o l l e c t i o n  r e a c t o r  ( a ) ,  f rom which i t  i s  f e d ,  a l i t t l e  
o v e r h e a t e d ,  a s  a h e a t  c a r r i e r  a g a i n  t o  t h e  mixing chamber ( b ) .  

The r a p i d  h e a t i n g  and coolingr o f  t h e  p r o d u c t s  c a u s e s  a much h i g h e r  
y i e l d  of  t a r .  T h i s  s o c a l l e d  " r a p i d  d e g a s i f i c a t i o n  e f f e c t "  i s  o f  g r e a t  
i n t e r e s t  f o r  t h e  r e s e a r c h  o f  c o a l .  It w i l l  be  t h e  o b j e c t  o f  t h i s  
paper  t o  d e s c r i b e  t h e  p h y s i c a l - c h e m i c a l  phenomena o f  t h i s  e f f e c t .  
S t u d y i n g  t h e s e  phenomena, i t  w i l l  be  p o s s i b l e  n o t  o n l y  t o  d e s c r i b e  
t h e  r e a c t i o n  k i n e t i c s  o f  t h e  r a p i d  d e g a s i f i c a t i o n ,  b u t  t o  draw a l s o  
some c o n c l u s i o n s  t h e r e f r o m  on t h e  s t r u c t u r e  o f  t h e  s u b s t a n c e  o f  c o a l .  

2.1. Heat ina-up  siseed o f  t h e  c o a l  
With t h e  h i g h  mixing  r a t i o  o f  h e a t - c a r r i e r : c o a l ,  t h e  c o a l  g r a i n ,  
immedia t e ly  a f t e r  i t s  e n t r y  i n t o  t h e  d e g a s i f i c a t i o n  mixing  chamber, 
i s  sur rounded a f t e r  i n t e n s i v e  mixing by h o t  h e a t  c a r r i e r s .  A t  t h e  
same t ime it i s  hea ted-up  presumably  v e r y  q u i c k l y .  A s  it i s  v e r y  
d i f f i c u l t  t o  measure t h e  hea t ing -up  speed  d i r e c t l y ,  one  must f a l l  back 
on  c a l c u l a t i o n s .  

The second f i g u r e  s b s  t h e  c a l c u l a t e d  c u r v e s  a t  t h e  s u r f a c e  and i n  
t h e  c e n t r e  o f  a 1.2 mm @ c o a l  g r a i n  w i t h  two d i f f e r e n t  h e a t  t r a n s -  
m i s s i o n  r a t i o  r e l a t e d  t o  t h e  t e m p e r a t u r e  o f  t h e  h e a t  c a r r i e r s .  The 
h e a t  t r a n s m i s s i o n  r a t i o ,  o f  cour se ,  i s  o f  d e c i s i v e  impor t ance .  N i t h  
a s low h e a t  t r a n s m i s s i o n ,  t h e  d i f f e r e n c e  between t h e  t e m p e r a t u r e  a t  
t h e  s u r f a c e  and i n  t h e  c e n t r e  o f  t h e  c o a l  g r a i n  i s  r e l a t i v e l y  s m a l l  
b u t  w i t h  a r a p i d  h e a t  t r a n s m i s s i o n  it i s  q u i t e  h igh .  T h i s  f a c t  w i l l  
p l a y  an  i m p o r t a n t  p a r t .  

Jihich o f  t h e  c u r v e s  p l o t t e d  on t h e  f i g u r e  w i l l  most  approx ima te  t h e  



t r u e  s t a t e  o f  a f f a i r s ,  can be decided moE e a s i l y ,  when t h e  temporal 
y i e l d  o f  t h e  d e g a s i f i c a t i o n  p roduc t s  i s  known, a s  t h e  thermal  
d i f f u s i v i t v  and t h e  h e a t  t r ansmiss ion  ratio cannot be measured d i r e c t l y .  

O f  t h e s e  i n v e s t i g a t i o n s ,  a mixing chamber wi th  a cont inuous f eed ing  
of coa l  a peared t o  be  u n s u i t a b l e .  Therefore ,  a piloteciui2ment 
( f i g u r e  37 was b u i l t  which corresponded s u f f i c i e n t l y  e x a c t l y  t o  t h e .  
c o n d i t i o n s  i n  t h e  t e c h n i c a l  d e g a s i f i c a t i o n  mixinq chamber. 

k c y l i n d r i c a l  t uba  o f  00 mm i n s i d e  diametre c o n s t a n t l y  heated from 
t h e  o u t s i d e  is equipped w i t h  a s t i r r i n g  rod  w i t h  pins .  Half o f  t h e  
chamber is f i l l e d  w i t h  f i n e  ch ips  o f  corundum a s  a hea t  carkker.  For 
t h e  t e s t ,  a sample o f  c o a l  is blown w i t h  n i t r o g e n  i n t o  the  chamber 
and t h e  t ime  is p r e c i s e l y  recorded. An i g n i t o r  d i r e c t l y  a t  t h e  f r e e  
o u t l e t  o f  t h e  g a s  b r i n g s  t h e  d e g a s i f i c a t i o n  p roduc t s  l e a v i n g  t h e  
chamber t o  combustion. The s i z e  of  t h e  f lame is an approximate measure 
f o r  t h e  q u a n t i t y  o f  t h e  g a s e s  and t a r  fumes. The f lames are photo- 
graphed t o g e t h e r  w i t h  a watch showing t h e  time in s h o r t  i n t e r v a l s .  
F igu re  4 shows a s e r i e s  of p i c t u r e s  t aken  of  coking c o a l  g r a i n s  o f  
t h e  s i z e  1 t o  1.5 mm, t he  temperature  o f  t h e  h e a t  c a r r i e r s  a m u n t i n g  
t o  abozlt io00 OC. The seconds recorded underneath t he  photos a r e  
counted as from the  impact o f  t h e  coa l  g r a i n s  t o  t h e  corundum t h i p s  
onward s . 
A f t e r  0.37 seconds i n  phase two, a h i g h  flame can be seen which, 
however, is f a l s i f i e d  by t h e  n i t r o g e n  which s t i l l  flows aut. After 
t h a t ,  t h e  cone o f  t h e  flame I s  much reduced. Comparing t h i s  obser-  
v a t i o n  w i t h  t h e  c a l c u l a t e d  t empera tu res  of  t h e  c o a l  i n  f i g .  2, much 
more can now be s a i d  about t h e  heat ing-up process.  When c o a l  is 
hea ted ,  t h e  f irst  combust ible  d e g a s i f i c a t i o n  product's davalop a t  a 
t empera tu re  o f  about 350 OC. Real d e g a s l f i c a t i o n  becoming v i s i b l e  in 

h a m  2, however, o c c u r s  a t  a temperature  o f  400 C a t  t h e  e a r l i e s t .  
!hat means t h a t ,  after 0.37 seconds, t h e  coal  must have t empera tu res  
o f  above 400 OC et i t s  s u r f a c e .  
of 408 O C  a t  t h e  su r face ,  f .8 .  , ' 8  reached w i t h  a 
h e a t  t r ansmiss ion  c o e f f i c i e n t  h C, i n  5 seconds 
only. fn p r a c t i c e ,  t h e  h e a t  t r a n s m i p i o n  c o e f f i c i e n t  must b e .  
muah highera Wltk d = 1080 kcal/h m , 400 OC e t  t h e  surface w l l l  be 

4 ,  a tomperature  
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2.2. SDeed o f  d e q a s i f i c a t i o n  
The extremely r a g i d  h e a t i n s  o f  t h e  c o a l  v,,ith t h i s  p o c e s s  promised 
i n t e r e s t i n g  r e s u l t s  w i t h  r e g a r d  t o  t h e  s t r u c t u r e  o f  t h e  subs t ance  
o f  c o a l .  The equipment  shown i n  f i g .  3 proved t o  be s u i t a b l e  f o r  
such t e s t s ,  t oo .  However, t i i f f e r e n t  d e v i c e s  f o r  t h e  q u a n t i t a t i v e  
r e c o r d i n g  o f  t h e  t empora l  y i e l d  o f  t h e  p r o d u c t s  o f  d e g a s i f i c h a t i o n  
had t o  b e  connec ted  t o  t h e  g a s  o u t l e t .  A d i f f e r e n c e  was made between 
t h e  p r o d u c t s  condensa ted  a t  room t e m p e r a t u r e  and gaseous  p r o d u c t s  
which were measured, f o r  e x p e r i m e n t a l  r e a s o n s ,  s e 2 a r a t e l y  i n  p a r a l l e l  
t es t s .  The d iagrams i n  t h e  two f o l l o w i n g  f i g u r e s  show t h e  y i e l d  o f  
p r o d u c t s  a s  a f u n c t i o n  o f  t h e  t i m e  o f  s o j o u r n  o f  t h e  c o a l  i n  t h e  
d e g a s i f i c a t i o n  chamber. F o r  i n s t a n c e ,  f i g u r e  6 shows t h e  t a r  y i e l d  
o f  t h r e e  d i f f e r e n t  c o a l s  and f i g u r e  7 t h e  g a s  y i e l d  a t  d i f f e r e n t  
t e m p e r a t u r e s .  

The c u r v e s  of  t h e  gaseous  p r o d u c t s  and t h e  condensa te  p r o d u c t s  a r e  
added,  a t  l a s t ,  t o  t h e  d e g a s i f i c a t i o n  c u r v e s  p l o t t e d  i n  f i g .  8 f o r  
d i f f e r e n t  t e m p e r a t u r e  s. 

k i l l  t h e s e  c u r v e s  show one and t h e  same c h a r a c t e r i s t i c  development:  
a l i n e a r  s t a r t  u n t i l  60 t o  70 ;& o f  t h e  p r o d u c t s  have been  r e l e a s e d ,  
t h e n  a bend and, f i n a l l y ,  an  a s y n p t o t i c  development i n t o  t h e  h o r i z o n t a l .  
A f t e r  t h e  main y i e l d  o f  p r o d u c t s ,  r e l a t i v e l y  more g a s  i s  i n c r e a s i n g l y  
r e l e a s e d  t h a n  t a r  and ,  i n  t h e  development  o f  t h e  cu rve  behind  t h e  
bend,  p r a c t i c a l l y  g a s e s  w i t h  a low molecu la r  weight  o n l y  a r e  r e l e a s e d .  
Summing up, it can  be  s t a t e d :  
l i t h  r aDid  h e a t i n a .  t h e  s o c a l l e d  " r a p i d  d e a a s i f i c a t i o n "  i 5 a r e a c t i o n  
o f  z e r o  o r d e r  which ends  i n  a d i f f e r e n t  a r o c e s s  o f  second dec ras i f i c -  
a t i o n .  T h i s  s t a t e m e n t  may be s u r p r i s i n g  a s  t h e  c o a l  p y r o l y s i s  i s  
composed o f  decompos t i t i on  r e a c t i o n s  o f  f irst  o r d e r .  T h a t  w e  had t o  
do w i t h  q u i t e  a d i f f e r e n t  p r o c e s s ,  i s  proved by t h e  e n e r g y  o f  a c t i v i t -  
a t i o n  found t o  amount t o  2.5 kcal/h(ol ( 1 )  which i s  by  10 t o  20 t i m e s  
s m a l l e r  t h a n  t h e  v a l u e s  known so f a r .  T h i s  l o w  ene rgy  o f  a c t i v i t a t i o n  
i s  an  argument a g a i n s t  t h e  assumpt ion  t h a t  t h e  r e a c t i o n s  o f  
decompoGtion d e t e r m i n e  t h e  s,Jeed. 

Presurnablu,  a mutua l  degendence 'of t r a n s p o r t i n g  p r o c e s s e s  i s  d e c i s i v e  
f o r  t h e  r a F i d  d e g a s i f i c a t i o n .  A t r a n s n i s s i o n  o f  h e a t  f ro ,n  t h e  h e a t  
c a r r i e r s  t o  t h e  c o a l  and the endothermal  d e G a s i f i c a t i o n  p i ^ ~ c c s s  a r e  
j o i n e d  \ v i  th eacho the r  by t h e  f low-of f  o f  t h e  d e s a s i f i c a t i o n  p r o d u c t s  
which h i n d e r  t h e  i n l e t  o f  h e a t .  These two p r o c e s s e s  g i v e  an e q u i l i b r i u m  
a s  l o n g  a s  s t i l l  e f f i c i e n t  s u b s t a n c e  f o r  d e g a s i f i c a t i o n  i s  a v a i l a b l e  
i n  t h e  c o a l  g r a i n .  

As f o r  t h e  dependence o f  t h e  speed o f  d e s a s i f i c a t i o n  on  t h e  t e m p e r a t u r e  
o f  d e g a s i f i c a t i o n  and t h e  g r a i n  s i z e ,  t h e  f o l l o w i n g  e q u a t i o n  f o r  
t h e  y i e l d  o f  p r o d u c t s  M i s  o b t a i n e d ,  c o n s i d e r i n g  t h e  f a c t  t h a t  w e  
have t o  do wi th  t h e  r e a c t i o n  o f  z e r o  o r d e r ;  

i n  which M means t h e  y i e l d  o f  p r o d u c t s  i n  ;A (b-J  w e i g h t ) ,  T 
t e m p e r a t u r e  of  d e g a s i f i c a t i o n  i n  O C ,  d t h e  g r a i n  s i ze  i n  m a  and t t h e  
t ime o f  r e a c t i o n  i n  seconds  (I). 

The i n t e r p r e t a t i o n  o f  t h e  e q u a t i o n  i s  r e n d e r e d  e a s i e r  by t h e  f a c t  
t h a t  t h e  d r y i n g  o f  coke r e p r e s e n t s  a s i m i l a r  p rocess .  Ther-fqre, 
p r o c e s s e s  f o r  t h e  d r y i n g  o f  coke were c a r r i e d  o u t  i n  a mod l f l ed  

t h e  
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d e g a s i f i c a t i o n  mixing  chamber. F i g u r e  9 shows c l e a r l y ,  how much t h e  
two p r o c e s s e s  a r e  r e l a t e d  t o  e a c h o t h e r .  I n  b o t h  c a s e s ,  t h e r e  is 
a g a i n  t h e  i n i t i a l  s t r a i g h t  c h a r a c t e r i  s i n g  a s t a t i o n a r y  p r o c e s s  of 
e v a p o r a t i o n ,  a bend i n  t h e  c u r v e  and,  a t  t h e  end,  an  a s y m p t o t i c  t u r n .  
i n t o  t h e  hor izonkd.  

The y i e l d  o f  water  v a p o u r  f r o m  t h e  d r y i n g  o f  coke was c a l c u l a t e d  i n  
t h e  same way a s  t h e  y i e l d  o f  g a s  and t a r  f rom t h e  r a p i d  d e g a s i f i c -  
a t i o n  o f  c o a l .  T h i s  l e d  t o  t h e  fo rmula  ( 1 )  

r 

Again ,  t h e r e  i s  an a n a l o g y  which g i v e s  r e a s o n  t o  assume t h a t  t h e  
two p r o c e s s e s  a r e  s t i l l  much more s i m i l a r  t h a n  can  be r e c o g n i z e d  
d i r e c t l y :  
Thus ,  t h e  r a d d  d e a a s i f i c a t i o n  o f  c o a l  r e p r e s e n t s  a p r o c e s s  o f  
e v a p o r a t i o n  t h e  same a s  a drvincl  ;)recess. 

The above e x p o s i t i o n s  l e a d  t o  t h e  f o l l o w i n g  summarizing p i c t u r e  of 
t h e  dega s i f i c a t i o n  p r o c e s s e s :  

F i g u r e  10 shows t h e  deve lopment  o f  t h e  d e g a s i f i c a t i o n  c u r v e  i n  time 
a s  w e l l  a s  t h e  c a l c u l a t e d  t e m p e r a t u r e s  o f  t h e  c o a l  g r a i n .  A t  f i r s t ,  
a f r e s h  c o a l  g r a i n  i s  v e r y  r a p i d l y  h e a t e d  up unde r  t h e  i n f l u e n c e  o f  
t h e  h o t  h e a t  c a r r i e r s .  A f t e r  a b o u t  0.2 seconds ,  t h e  s u r f a c e  o f  t h e  
g r a i n  r e a c h e s  a t e m p e r a t u r e  o f  abou t  350 O C .  The pr imary  bi tumen 
which i s  t h e n  formed,  b e g i n s  t o  e v a p o r a t e  f rom t h e  s u r f a c e .  i f i t h  
f u r t h e r  h e a t i n g ,  more p r i m a r y  bi tumen i s  b m g h t  t o  t h e  s u r f a c e  o f  - 
t h e  c o a l  g r a i n s  and e v a p o r a t e s  t h e r e .  The r e l e a s e d  d i s t i l l a t i o n  
p r o d u c t s  now h i n d e r  t h e  i r a n s i n i s s i o n  o f  h e a t ,  and t h e r e  i s  an  
e q u i l i b r i u m  of  t h e  two p r o c e s s e s  opposed t o  eacho the r :  w i t h  a c o n s t a n t  
b o i l i n g  t e m p e r a t u r e  t h e  same q u a n t i t y  o f  h e a t  per  t i m e  u n i t  t h u s  
f l o w s  t o  t h e  s u r f a c e  f rom which t h e  b i tumen e v a p o r a t e s  i n  c o n s t a n t  
q u a n t i t i e s .  DuPinC t h i s  p e r i o d ,  t e m p e r a t u r e  does  n o t  i n c r e a s e  any 
more a s  t h e  amount o f  new h e a t  c o v e r s  j u s t  t h e  demand f o r  e v a 2 o r a t i o n  
h e a t ,  e x c e p t  t h e  n e g l i g i b l e  amount f l o w i n s - o f f  i n t o  t h e  i n s i d e  o f  t h e  
g r a i n  f o r  h e a t i n g  up. A b a l a n c e  of t e m p e r a t u r e  i n  t h e  p a i n  i s  
e s t a b l i s h e d  o n l y  a f t e r  a good second.  

Nhen n o t  enough p r i m a r y  bi tumen f l o w s  t o  t h e  s u r f a c e  o f  t h e  c o a l  
g r a i n  any  more, t h e  f r o n t  o f  e v a p o r a t i o n  i s  s h i f t e d  c o n c e n t r i c a l l y  
t o  t h e  i n s i d e  o f  t h e  Gra in .  T h i s  d o e s  n o t  y e t  mean a d i s t u r b a n c e  o f  
t h e  e q u i l i b r i u m ,  a s  t h e  500d h e a t  c o n d u c t i v i t y  o f  t h e  coke a f f o r d s  
a good t r a n s n i s s i o n  o f  h e a t .  B e s i d e s ,  t h e  c o a r s e  p o r e s  o f  t h e  coke 
do n o t  o f f e r  much f l o w  r e s i s t a n c e  t o  t h e  vaporous  p roduc t .  J h e n  t h e  
f r o n t  o f  e v a p o r a t i o n  s h i f t e d  f a r  enough t o  t h e  i n s i d e ,  t h e  
e q u i l i b r i u m  i s  d i s t u r b e d  and t h e  c u r v e  b e g i n s  t o  bend, u n t i l  t h e  
y i e l d  o f  p r o d u c t s  d e c r e a s e s  much i n  t h e  l a s t  c o u r s e  o f  t h e  curve.  I n  
t h e  f i n a l  phase ,  t h e  o u t s i d e  zones  o f  t h e  g r a i n  h e a t  up  e s s e n t i a l l y .  
Dur ing  t h i s  p r o c e s s ,  semi-coke i s  forming ,  w i t h  t h e  r e l e a s e  o f  gaseous  
p r o d u c t s .  F i n a l l y ,  t h e  t e m p e r a t u r e  a d a p t s  i t s e l f  everywhere t o  t h e  
t e m p e r a t u r e  of t h e  h e a t  c a r r i e r s .  

3. Y i e l d s  o f  d e s a s i f i c a t i o n  

The e v a p o r a t i n g  s u b s t a n c e ,  c a l l e d  “ , x i m a r y  bi tumen” i n  t h i s  pape r ,  
must n o t  e x i s t  n e c e s s a r i l y  i n  t h e  c o a l .  i n  t h e  same way. ’de t r y  t o  
c l a r i f y  t h i s  q u e s t i o n  by  i n v e s t i g a t i o n  o f  t h e  d e g a s i f i c a t i o n  p r o d u c t s ,  
e s p e c i a l l y  o f  t h e  t a r .  I n  d o i n g  so,  it w a s - n o t  so much t h e  i n t e n t i o n  
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t o  i d e n t i f v  a s  inany i n d i v i d u a l  s u b s t a n c e s  a s  p o s s i b l e  b u t  ra’ihcl: 
t o  o b t a i n  a good r e v i e w  o f  l a r g e r  com9lexes o f  s u b s t a n c e s .  

For  t h e  purpose  o f  comparison w i t h  p r o d u c t s  o b t s i n e d  unde r  normal 
c o n d i t i o n s  o f  t h e  p y r o l y s i s  o f  c o a l ,  t a r s  were a n a l y s e d  which had 
been made i n  t h e  F i s c h e r - r e t o r t  f rom t h e  saine c o a l .  T h i s  was t h u 3  a 
t a r  which had been formed a t  a much s lower  h e a t i n g - u p  s2eed  (12 
and a much l o n g e r  t ime o f  s o j o u r n  i n  t h e  r e a c t i o n  room. 

The two t a r s  were made a t  a t e m p e r a t u r e  of  600 O C  a s  we  o b t a i n e d  a t  
t h i s  t e m p e r a t u r e  thehLghes t  y i e l d  o f  t a r  a s  r e p o r t e d  e l sewhere  ( 2 ) .  
I n v e s t i g a t i o n s  abou t  secondary  r e a c t i o n s  l e d  u s  t o  assume t h a t  t h e  
decompos i t ions  o c c u r r i n g  d u r i n g  t h e s e  r e a c t i o n s  a t  t h i s  t e m p e r a t u r e  
a r e  much sup2res sed .  But t h i s  q u e s t i o n ,  t o o ,  can be e x p l a i n e d  i n  t h e  
fo  110 wing . 
The pronounced d i f f e r e n c e s  between b o t h  methods o f  d e g a s i f i c a t i o n  
become v i s i b l e  a l r e a d y  i n  t h e  nex t  t a b l e  ( f i g .  1 1 ) .  r ’ a r t i c u l a r l y  
s t r i k i n g  i s  t h e  h igh  y i e l d  o f  t a r  w i t h  t h e  r a p i d  d e g a s i f i c a t i o n .  
With t h e  g a s i f i c a t i c n  Lccord ing  t c  F i s c h e r ,  however, t h e  y i e l d  of  
g a s  and coke i s  h i g h e r  a s  t h e  l o n g e r  i n f l u e n c e  of  h e a t  caused ,  i n  
t h i s  c a s e ,  a c r a c k i n g  and coking  o f  t h e  t a r .  Very d i f f e r e n t  f r a c t i o n s  
a r e  o b t a i n e d  from t h e  vacuum d i s t i l l a t i o n  o f  b o t h  t a r s .  By v i r t u e  o f  
t h e  c r a c k i n g ,  t h e  t a r  acco rd ing  t o  t h e  F i s c h e r  d e g a s i f i c a t i o n  
p o s s e s s e s  a h i g h  f r a c t i o n  o f  l i g h t  o i l ,  whereas  t h e  t a r  f rom t h e  
r a p i d  d e g a s i f i c a t i o n  p r o c e s s  h a s  t h e  h i g h e s t  y i e l d  o f  p i t c h .  The l a s t  
column o f  t h e  t a b l e  shows t h e  q u o t i e n t  o f  t h e  d i f f e r e n t  y i e l d s  from 
b o t h  methods o f  p y r o l y s i s .  Accord ing  t o  t h e s e  f i g u r e s ,  t h e  t a r  
p r o d u c t s  from t h e  r a p i d  d e g a s i f i c a t i o n  p r o c e s s  have a inuch h i g h e r  
molecu la r  weight .  T h i s  could  be de t e rminded ,  however, so f a r  o n l y  
w i t h  r e g a r d  t o  t h e  t o t a l  y i e l d  o f  t a r .  

3.1. Composi t ion  o f  t a r  
The t a r s  o b t a i n e d  were n o t  t o  be  t r e a t e d  w i t h  t h e  u s u a l  methods.  
T h e r e f o r e ,  methods o f  a n a l y s i s  had t o  be  deve loped  which s e p a r a t e d  
t h e  t a r  p r o d u c t s  under  most mi ld  and g e n t l e  c o n d i t i o n s ,  a s  t h e  t a r ,  
a l r e a d y  from i t s  o r i g i n a t i o n ,  i s  most s e n s i t i v e  a g a i n s t  t h e r m a l  and 
chemica l  i n f l u e n c e s .  It i s  t h u s  v e r y  d i f f i c u l t  t o  e l a b o r a t e  s u i t a b l e  
met hods.  

C/min) 

A scheme for t h e  e n t i r e  p r e p a r a t i o n  o f  t a r  i n  f i g ,  12 shows, how 
many s t e p s  were r e q u i r e d  t o  o b t a i n  f r a c t i o n s  which cou ld  be assumed 
f o r  t h e  g a s  ch romatograph ic  a n a l y s i s  ( 4 ) .  I t  proved  t o  be i m p o s s i b l e  
t o  s e p a r a t e  f u r t h e r  t h e  u n d i s t i l l a b l e  r e s i d u e s  o f  p i t c h .  T h e r e f o r e ,  
w e  c a r r i e d  Out ,  a f t e r  a f u r t h e r  e x t r a c t i o n ,  a s t r u c t u r a l  a n a l y s i s  
a c c o r d i n g  t o  van  Kreve len  ( 6 ) .  

S u r e l y ,  it would l e a d  t o o  f a r  t o  ment ion  a l l  r e s u l t s  o f  t a r  i n v e s t i g -  
a t i o n s  i n  t h i s  paper .  It i s  hoped,  however,  t h a t  the f o l l o w i n g  
d a t a  o f  a n a l y s i s  w i l l  c o n t r i b u t e  t o  e l u c i d a t e  t h e  problem. It i s  
s u f f i c i e n t l y  known t h a t  t h e  p y r o l y s i s  o f  c o a l  i s  composed o f  s e v e r a l  
p a r t  r e a c t i o n s  which t a k e  p l a c e  . p a r t l y  p a r a l l e l  t o  e a c h o t h e r  and 
p a r t l y  subsequen t  t o  e a c h o t h e r .  The p r imary  p r o d u c t s  r e p r e s e n t  l a r g e  
m o l e c u l a r  u n i t s  which a r e  decomposed i n  t h e  secondary  p r o c e s s  i n t o  
f r agmen t s  o f  d i f f e r e n t  s izes .  I n  t h e  end, l a r g e r  u n i t s  can  deve lop  
a g a i n  by  p o l y m e r i s a t i o n  and condensa t ion .  The compos i t ion  o f  t h e  
f i n a l  p r o d u c t s  depends  d e c i s i v e l y  on t h e  p r e - s e t  c o n d i t i o n s  f o r  t h e  
seqondary  r e a c t i o n s .  E s p e c i a l l y  t e m p e r a t u r e  and t h e  t ime o f  r e a c t i o n  
a r e  o f  g r e a t  impor t ance .  
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G G g e r  ( 3 )  showed i n  a 9 a p e r  abou t  t h e  s t r u c t u r e  o f  c o a l  m a c e r a l e s  
t h a t  t h e  s u b s t a n c e  o f  c o a l  i s  made up o f  a t  l e a s t  t h r e e  main 
complexes of  g roups  o f  m a t e r i a l .  These a r e  a t  f i rs t  t h e  g roup  of 
waxes and r e s ins ,  s e c o n d l y  t h e  g roup  o f  oxyhuminic  components and, 
f i n a l l y ,  t h e  group o f  dehvdrohumink s u b s t a n c e s .  

i k o g e r  p w u m e s  t h a t  t h e  c o a l  r e p r e s e n t s  a s t r u c t u r e  o f  s o l i d  m a t e r i a l  
b u i l t  u p  o f  many c e l l s ,  i n t o  which b i t u m i n o u s  c o a l  Components a r e  
embedded. H e  proved t h i s  by m i c r o s c o p i c a l  p h o t o s  o f  a v i t r i n i t e  
b e f o r e  and a f t e r  c a u t e r i z a t i o n  w i t h  dimethylformamid.  k s o l v e n t  
shows c l e a r l y  t h e  s t r u c t u r e  o f  t h e  c e l l s  o f  t h e  o t h e r w i s e  s t r u c t u r e l e s s  , 
v i t r i n i t e  a f t e r  c a u t e r i z a t i o n .  Dur ing  t h i s  r o c e s s  , t h e  m a t e r i a l  
i n s i d e  t h e  c e l l s  (waxe.s, r e s i n s ,  oxyhuminesy - which a r e  p r o b a b l y  
c o n n e c t e d  t o  t h e  s k d e t o n  o f  t h e  c e l l s  n o t  w i t h o u t  any bonding b u t  
a l s o  t h r o u g h  f u n c t i o n a l  g r o u p s  - , a r e  r e l e a s e d .  

1 

. .  

If s u c h  a s t r u c t u r e  o f  c e l l s  i s  s l o w l y  h e a t e d ,  g a s e o u s  p r o d u c t s  a r e  =- - 

d i f f u s i n g  t o  t h e  o u t s i d e  t h r o u g h  f i s s u r e s  and pore passages .  How f a r  
formed i n  t h e  i n d i v i d u a l  c e l l s  l e a d i n g  t o  e x c e s s  p r e s s u r e  and - _  
t h e r e  w i l l  b e  secondary  r e a c t i o n s ,  depends  on  s e v e r a l  p a r a m e t e r s  such 
a s  t h e  s t r u c t u r e  o f  t h e  c e l l s  and o f  t h e  po re  sys tem as w e l l  a s  t y p e  
and manner o f  t h e r m a l  t r e a t m e n t .  h e  t o  such  f a c t o r s  of  i n f l u e n c e ,  
t h e r e  w i l l  a lways be a d i f f e r e n t  c o m $ o c t i t i o n  o f  t h e  p r o d u c t s  o f  
d e g a s i f i c  a t i o n ,  

B i t h  a v e r y  r a p i d  h e a t i n g  o f  t h e  c o a l ,  t h e  p r e s s u r e  i n s i d e  a c e l l  
i n c r e a s e s  v e r y  q u i c k l y .  Then, t h e  w a l l s  o f  t h e  c e l l s  a r e  t o r n  u? a t  
weak p o i n t s  and t h e  c o n t e n t s  o f  t h e  c e l l s  a r e  so r a p i d l y  d i s t i l l e d  

On t h e  o t h e r  hand, it c a n  be o b s e r v e d ,  t h a t  c e r t a i n  g roups  o f  
s u b s t a n c e s  a r e  decomposed i n t o  s m a l l e r  f r a g m e n t s  a t  t h e  p r e v a i l i n g  
r e l a t i v e l y  h i g h  t e i n p e r a t u r e s  a l r e a d y  a t  e x t r e m e l y  s h o r t  t i m e s  o f  
s o j o u r n .  According t o t h i s  i d e a  o f  t h e  p r o c e s s  o f  p y r o l y s i s ,  i t  can  
now be c m l u d e d  from comparison between t h e  y i e l d s  o f  t a r  o b t a i n e d  
from t h e  r a p i d  d e g a s i f i c a t i o n  p r o c e s s  and o f  t a r  o b t a i n e d  from t h e  
F i s c h e r  p r o c e s s  how t h e s e  two p r o c e s s e s  a c t  on  t h e  coinposi t ion o f  
such  t a r s .  

As t h e  i n d i v i d u a l  chemica l  compounds a r e  v e r y  d i f f e r e n t  i n d e e d ,  it 
i s  p r e f e r a b l e  t o  e v a l u a t e  them s e p a r a t e l y ,  v i z .  i n  t h e  c o n d i t i o n  how 
t h e y  were o b t a i n e d  from t h e  p r i m a r y  s e p a r a t i o n .  I n  d o i n g  so, it i s  
p r a c t i c a l  t o  l i m i t  t h i s  e v a l u a t i o n  t o  t h e  n e u t r a l  components,  
moreover a s  t h i s  f r a c t i o n  i s  t h e  l a r g e s t .  Then, t h e  main two g roups  
a r e  o b t a i n e d  w i t h i n  t h i s  f r a c t i o n :  t h e  a l i p h a t i c  and t h e  a r o m a t i c  
components.  The v a l u e s  found  by t h e  u r e a  method a r e  p a r t l y  v e r y  
s i g n i f i c a n t .  F i g u r e  13 shows t h e  y i e l d  of  a l i p h a t e s .  Y i t h  hydroca rbons  
w i t h  14 and 20 C-numbers, t h e r e  a r e  c l e a r l y  two maxima which a r e  a 
l i t t l e  h i g h e r  f o r  t h e  t a r  o b t a i n e d  by t h e  F i s c h e r  a n a l y s i s .  ‘iVith 
h i g h  C-numbers, t h e  c u r v e  o f  t h e  t a r  o b t a i n e d  by t h e  r a p i d  d e g a s i f i c -  
a t i o n  p r o c e s s ,  however, l i e s  e s s e n t i a l l y  above t h a t  f o r  t h e  t a r  
o b t a i n e d  by t h e  F i s c h e r  a n a l y s i s .  As p r o d u c t s  would be proved o n l y  
up  t o  t h e  C-number o f  31, it can  h a r d l y  be  assumed t h a t  t h e r e  w i l l  
be much l o n g e r  c h a i n s  i n  t h e  s u b s t a n c e  o f  c o a l .  T h e r e  must be m a i n l y  
h y d r o c a r b o n s  w i t h  C-numbers o f  20 t o  25 i n  t h e  c o a l  assumed for the 
tes ts .  The maxima a t  a C-number o f  14 i n d i c a t e  r e a c t i o n s  o f  
d e c o m p o s i t i o n  o f  t h e  l o n g  c h a i n s  i n t o  2 h a l v e s .  T h i s  d o e s  n o t  mean, 
o f  c o u r s e ,  t h a t  t h e  l o w e r  hydroca rbons  a r e  formed o n l y  by r e a c t i o n s  
o f  s e p a r a t i o n .  On t h e  c o n t r a r y ,  i t  must be  assumed t h a t  t h e s e  
a l i p h a t e s  e x i s t  a l r e a d y  i n  t h e  s u b s t a n c e  o f  c o a l  i n  form o f  waxes o f  
v e g e t a b l e  o r i g i n .  

1 t h a t  a c r a c k i n g  and r e a c t i o n  o f  t h e  m a t e r i a l  i s  h a r d l y  s t i l l  p o s s i b l e .  
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By t h e r m a l  t r e a t m e n t ,  t h e  p a r a f f i n s  a r e  d i s t i l l e d  and d i f f u s e d  from 
t h e  s t r u c t u r e  o f  t h e  c e l l s  t o  t h e  o u t s i d e .  LVith a " s l o w  h e e t i n g " ,  
t h e y  d i s t i l l  s u c c e s s i v e l y  when r e a c h i n g  t h e i r  b o i l i n g  t e m p e r a t u r e s .  
W t h  " r a p i d  h e a t i n g " ,  however, t h e  s u b s t a n c e s  a r e  a t  once  exposed 
t o  h i g h  t e m p e r a t u r e s ,  a t  which t h e y  s p l i t  up. On lv  t h e  long-cha in  
hydrocarbons ,  t h e  b o i l i n g  p o i n t s  o f  which l i e  a t  h i g h e r  t e m p e r a t u r e s ,  
a r e  h a r d l y  decomposed, N i t h  t h e  F i s c h e r  a n a l y s i s ,  t h e  l o n g e r  t ime  
o f  s o j o u r n  l e a d s  t o  a c r a c k i n g  i n t o  s m a l l e r  f r agmen t s .  T h e r e f o r e ,  
t h e  y i e l d s  o f  t h e s e  hvdroca rbons  w i t h  t h e  s lower  d e g a s i f i c a t i o n  a r e  
lower  . 
It was much more d i f f i c u l t  t o  d e t e r m i n e  t h e  a r o m a t i c  components a s  
shown by a g a s  chromatogram o f  a f r a c t i o n  ( f i g .  14) .  Both t a r s  
c o n t a i w d  n e a r l y  t h e  same s u b s t a n c e s ,  o f  c o u r s e ,  w i t h  d i f f e r e n t  
c o n c e n t r a t i o n s .  A c l e a r  r e p r e s e n t a t i o n  o f  t h e  p e r c e n t a g e s  o f  sub- 
s t a n c e s  i s  g iven  i n  t h e  f o l l o w i n g  p i c t u r e  (15),  where t h e  p e r c e n t a g e s  
of  t h e  i n d i v i d u a l  r i n g  s y s t e m s  of  bo th  t a r s  have been  p l o t t e d .  Ud.er 
t h e  c o n d i t i o n s  o f  t h e  " r a p i d  d e g a s i f i c a t i o n " ,  t h e  3- r ing-sys tem 
a r i s e s  p r e f e r a b l y ,  whereas  mos t ly  4 r i n g s  o c c u r  w i t h  t h e  "slow" 
d e g a s i f i c a t i o n .  B e s i d e s ,  t h e  p e r c e n t a g e  o f  s u b s t i t u t e d  components o f  
more t h a n  50 j6 w i t h  t h e  r a p i d  d e g a s i f i c a t i o n  p r o c e s s  i s  much h i g h e r  
t h a n  t h e  p e r c e n t a g e  o f  o n l y  about  27 % w i t h  compounds o b t a i n e d  f rom 
t h e  F i s c h e r  a n a l y s i s .  

I t  h a s  been  proved e l s e w h e r e  ( 4 )  t h a t  t h e a s e  s u b s t a n c e s  come from 
t h e  r e s i n  i n  t h e  coa l .  Dur ing  t h e  t h e r m a l  t r e a t m e n t ,  t h i s  component 
i s  s u b j e c t  t o  r e a c t i o n s  o f  decompos i t ion  and condensa t ion .  AS main ly  
3- and 4- r ing-sys tem c o u l d  be found i n  t h e s e  r e a c t i o n s  which can  be  
a s s i g n e d  t o  t h e  b a s e  m o l e c u l e s  o f  r e s i n s ,  t h e  e f f e c t s  o f  s econdary  
r e a c t i o n s  can  be  s m a l l  on ly .  Due t o  t h e  l o n g e r  t ime o f  s o j o u r n  i n  
t h e  h o t  r e a c t i o n  chamber, t h e  r e a c t i o n s  o f  c o n d e n s a t i o n  o f  t h e  t a r  
o b t a i n e d  from t h e  F i s c h e r  a n a l y s i s  a r e  more p r o g r e s s e d  t h a n  f o r  t h e  
t a r  o b t a i n e d  from t h e  r a p i d  d e g a s i f i c a t i o n  p r o c e s s .  T h e r e f o r e ,  t h e  
maximum o f  t h e  r i n g  d i s t r i b u t i o n  i s  w i t h  t h e  4- r ing-sys tem.  Apar t  
from t h e  r e a c t i o n  o f  condensa t ion ,  t h e  low y i e l d  o f  a l k y l a t e d  a romates  
g i v e s  r e a s o n  t o  assume s t r o n g e r  r e a c t i o n s  o f  decompo s t i o n .  

I n  order t o  i n v e s t i g a t e  a l s o  the '  h i g h  amount o f  p i t c h  i n  t h e  t a r  
o b t a i n e d  from t h e  r a p i d  d e g a s i f i c a t i o n  p r o c e s s ,  a s t r u c t u r a l  a n a l  (si2 
o f  t h e  f r a c t i o n s  o b t a i n e d  acco rd ing  t o  van  Ywevelen (6)  was c a r r i e d  
o u t .  The median r i n g  s i z e  c a l c u l a t e d  by  t h i s  method h a s  been p l o t t e d  
i n  f i g .  16 i n  p e r c e n t a g e s .  The maximum a t  t h e  10- r ing-sys tem shows 
t h a t  t h i s  i s  a much h i g h e r  condensa ted  system. T h i s  i s  i n d i c a t e d  
a l s o  by t h e  median m o l e c u l a r  w e i g h t s  between 140 and 554 found by  
exper iment .  

A s  such  h igh  m o l e c u l a r  u n i t s ,  s u r e l y ,  a r e  n o t  r e l e a s e d  unchanged 
from t h e  s u b s t a n c e  o f  c o a l ,  it can  be  assumed t h a t  t h e  compos i t ion  of 
t h e  p i t c h  i s  much more de t e rmined  by secondary  r e a c t i o n s  t h a n  t h e  
compos%it ion o f  t h e  l i q u i d  t a r .  T h i s  i s  due ,  above a l l ,  t o  t h e  above 
mentioned r e a c t i o n s  o f  condensa t ion  which, a t  a s u f f i c i e n t l y  long  
t ime o f  s o j o u r n ,  p r o g r e s s  t o  a n  e x e n t  t h a t  macromolecules  deve lop  
which can  no more be  d i s t i l l e d  and coked i n  t h e  c o u r s e  o f  t h e  
d e g a s i f i c a t i o n  p r o c e s s  even if t e m p e r a t u r e  would be  f u r t h e r  i n c r e a s e d .  
T h i s  can  be e a s i l y  d e r i v e d  from t h e  f o l l o w i n g  t a b l e  ( f i g .  17). 
According  t o  t h i s  t a b l e ,  122.9 g o f  t h e  p i t c h  formed by t h e  r a p i d  
d e g a s i f i c a t i o n  o f  1 kg c o a l ,  h a s  been  changed w i t h  t h e  d e g a s i f i c a t i o n  
a c c o r d i n g  t o  F i s c h e r  s e c o n d a r i l y  i n t o  98.9 g o f  coke and 24 g of 
g a s e o u s  p roduc t s .  
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The l o n g e r  p e r i o d  o f  h e a t  i n f l u e n c e  w i t h  t h e  d e g a s i f i c a t i o n  p r o c e s s  
a c c o r d i n g  t o  F i s c h e r  t h u s  l e d  t o  a n  i n t e n s i f i e d  c o n d e n s a t i o n  and 
decompo&ion. The macromolecukes deve loped  d u r i n g  t h i s  p r o c e s s  were 
coked. Dur ing  t h e  r a p i d  d e g a s i f i c a t i o n  p r o c e s s ,  however,  t h e  r e a c t i o n s  
of  c o n d e n s a t i o n  cou ld  be i n t e r r u p t e d  a t  an e a r l y  s t a g e  by a q u i c k  
d i s c h a r g e  of t h e  d e g a s i f i c a t i o n  p roduc t s .  

These r e s u l t s  o f  i n v e s t i g a t i o n  a r e  i n  acco rdance  w i t h  t h e  a s sumpt ion  
t h a t  t a r  i s  p r i n c i p a l l y  formed by t h e  wax-resin-component of t h e  coa l .  
Accord ing  t o  a c a l c u l a t i o n  d e s c r i b e d  by KroGer (5), i t  cou ld  be shown 
t h a t  t h i s  complex o f  s u b s t a n c e s  i s  be ing .  o b t a i n e d ,  w i t h  t h e  r a p i d  
d e g a s i f i c a t i o n  p r o c e s s ,  n e a r l y  e n t i r e l y  i n  t h e  'form o f  t a r ,  whereas  
t h e  y i e l d  o f  p r o d u c t s  o b t a i n e d  by  t h e  F i s c h e r  a n a l y s i s  i s  f a r  below 
t h e  c a l c u l a t e d  v a l u e s .  

T h u s  i t  i s  p o s s i b l e  by means o f  t h e  r a p i d  d e g a s i f i c a t i o n  p r o c e s s  t o  
o b t a i n  t h i s  b a s i c  complex o f  t h e  c o a l  c o m p l e t e l y  i n  t h e  f o r m  o f  t a r .  
I t  i s  t r u e ,  t h a t  t h e  d e g a s i f i c a t i o n  p r o d u c t s  a r e  n o t  p o r t i o n s  o f  t h e  
o r i g i n a l  s u b s t a n c e s  o f  c o a l  b u t  r e p r e s e n t  t h e  p r i m a r y  b i tumen 
d e v e l o p e d  d u r i n g  t h e  p r i m a r y  deco%?o&ion o f  t h e  c o a l .  The p r imary  
b i tumen i s  o n l y  a l i t t l e  changed by seconciary r e a c t i o n s  a s  t h e y  a r e  
t i e d  u p  a t  an  e a r l y  s t a g e  b y  t h e  q u i c k  d i s c h a r g e  o f  t h e  d e g a s i f i c -  
a t i o n  p r o d u c t s .  

4. Summary 
By v i r t u e  of t h e s e  r e s u l t s  o f  i n v e s t i g a t i o n ,  t h e  r e a c t i o n s  d u r i n g  
t h e  r a p i d  d e g a s i f i c a t i o n  of c o a l  c a n  be e x p l a i n e d  a s  f o l l o w s :  

Under t h e  cond i t ion - s  o f  r a p i d  d e g a s i f i c a t i o n ,  n o t a b l y  t h e  h e a t i n g  
speed  a t  t h e  c o a l  g r a i n  and t h e  q u i c k  d i s c h a r g e  o f  d e g a s i f i c a t i o n  
p r o d u c t s ,  p r imary  b i tumen i s  o b t a i n e d  which deve loped  from t h e  c o a l  
d u r i n g  the pr imary  d e c o m p o s i t i o n .  Dur ing  t h i s  p r o c e s s ,  t h e  same 
r e g u l a r i t i e s  p r e v a i l  a s  w i t h  any  p r o c e s s  o f  e v a p o r a t i o n .  

The s u b s t a n c e ,  most o f  which  a r e  t o  be a s s i g n e d  t o  t h e  wax-res in-  
component o f  t h e  c o a l ,  can  be c o m p l e t e l y  e v a p o r a t e d  by t h i s  p rocess .  
To which exen t  t h e  p r i m a r y  b i tumen i s  b e i n g  changed by secondary  
r e a c t i o n s ,  depends  e s p e c i a l l y  on  t h e  p r e - s e t  t e m p e r a t u r e  o f  t h e  h e a t  
c a r r i e r s .  The t e s t s  showed t h a t  t h e  maximum of t h e  t a r  y i e l d  i s  
o b t a i n e d  a t  a t e m p e r a t u r e  o f  abou t  600 OC. 

After  numerous a n a l y s e s  o f  t h e  d e g a s i f i c a t i o n  p r o d u c t s  e v a p o r a t e d  
a t  t h i s  t e m p e r a t u r e s ,  it c a n  be  s t a t e d  t h a t  t h e  s u b s t a n c e s  o b t a i n e d  
a r e  h a r d l y  decomposed by secondary  r e a c t i o n s .  
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Pyrolysis Kinetics o f  a Western High Volat i le  Coal 

by Norbert Kertamus and George Richard Hill 
Fuels Engineering Department, University of Utah 

Although a number of time s tudies  have been made on coal devolat i l -  
izat ion,  three pr incipal  models have been developed t o  explain the  weight 
l o s s  curves (1). 

T h i s  study i s  an attempt t o  evaluate t h e  mechanism of pyrolysis of 
a Western U. S. high v o l a t i l e  coal. The weight loss-time curves a re  
interpreted according t o  the  three c lass ica l  models and a s  a simple 
unimolecular reaction. A new mechanism, more i n  accord with a l l  the  
data,  i s  proposed. 

Several t y p i c a l  pyrolysis curves a r e  plot ted i n  Figure 1. I n  each 
instance the weighed coal sample was placed on a quartz spring, thermo- 
gravimetric furnace and the  weight l o s s  determined as  a function of 
time. 
I n  the  equations t h a t  follow, the  f o l l o d n g  def in i t ions  apply. 
in i t ia l  sample weight on an ash f ree  basis .  
( a t  i n f i n i t e  time). 2 = x/a. 
of activation. 
intermediate s imilar  t o  van Krevelen's metaplast. 
concentration of t h e  i t h  species i n  P i t t ' s  pyrolysis mechanism. 

I n  the f igure the ordinate i s  t h e  f r a c t i o n a l  weight l o s s  AW/Wo. 
Wo = 

x = [W/W>. 
A& = heat of activation. A St = entropy 

a = [W/Wo3max. 

E = act ivat ion energy (Arrhenius). R. i s  a react ive 
B i  i s  t h e  i n i t i a l  

The general d i f f e r e n t i a l  equation defining an n th order reaction 
i s  dx/dt = k (a-x)" when k i s  the reaction r a t e  constant; 
of log  (dx/dt) v s  log  (a-x), the  slope of t h e  l i n e  gives t h e  value of n. 
In  Figure 2, it i s  noted t h a t  the apparent order of the react ion var ies  
from an i n i t i a l  4.5 t o  unity. 
simple unimolecular mechanism. 

In  a graph 

Obviously the  decomposition i s  not by a 

Earl ier  wr i te rs  on coal pyrolysis k ine t ics  (2-9) have assumed the 
basic  reaction t o  be a t  l e a s t  one unimolecular decomposition followed 
by other slower s teps  which become r a t e  determining. I n t u i t i v e l y  (10) 
bond breaking reactions of organic molecules would be unimolecular and 
the reaction r a t e  proportional t o  the  remaining undecomposed v o l a t i l e  
producing material  (a-x). 
order" kinet ics  e ~ s t s  t h e  log (l-x/a) can be p lo t ted  versus time a s  
i n  Figure 4. All of the  curves are l i n e a r  f o r  the  first 10-15 minutes 
and f o r  times i n  excess of 200 minutes. If it i s  assumed t h a t  one or 
the  other l i n e a r  portion of the curve represents t r u e  first order ra te  
dependence the  slope of t h e  l i n e  k i  ( i n i t i a l )  or kf ( f i n a l )  would be 
the r a t e  constant. 

To determine whether a region of "first 

The va l id i ty  of the  assumption can be checked by determining the  
magnitude o f  the  heat and entropy of act ivat ion from Arrhenius o r  Ey-ring 
Absolute Reaction Rate p l o t s  of the log  of t h e  r a t e  versus 1/T. 
i s  an Arrhenius p lo t  of kf ( f i t  by l e a s t  squares). 
i s  2.4 kcal/mole. 
value of 80 kcal f o r  C-C bond decomposition. 
which should be almost zero, i s  -50 e.u. 

Figure 5 
The ac t iva t ion  energy 

T h i s  value i s  considerably l e s s  than P i t z e r ' s  (11) 
The entropy of act ivat ion 
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Arbitrar i ly  selected times of 150 and 500 minutes were chosen t o  
determine r a t e  constants i n  Figure 6. 
extrapolation t o  i n f i n i t e  time were l e s s  than the  experimental values 
i n  a l l  cases. 

The values of (la" determined by 

Arrhenius p l o t s  of the  r a t e  constants (Fig. 7) and w i n g  plots ,  
f i t  by the method of l e a s t  squares give E = 10.6 kcal/mole and A€$ = 
9 kcal/mole respect ively.  

To a l a r g e  extent  the v o l a t i l e  matter i s  released from t h e  coal , 
during the first 1 0  t o  30 minutes. The i n i t i a l  ra te  constants should be I 

t h e  most s ign i f icant .  
act ivat ion energy o f  26.6 kcal/mole. The b H i  i s  24.8 kcalTmole and t h e  
entropy of  ac t iva t ion  i s  -10.1 e.u. 

The l e a s t  square Arrhenius p lo t  (Fi  . 8)  gives 

It has been suggested by Reed (12) t h a t  t h e  intercept  a t  i n f i n i t e  
temperature of an ac t iva t ion  energy p lo t  may be a more r e l i a b l e  t e s t  of 
a unimolecular mechanism than the act ivat ion energy. Daniels (13) 
s t a t e s  t h a t  f o r  most unimolecular bond breaking reactions t h e  entiopy * 

of activation i n  an Eyring p l o t  i s  almost zero since the'activated 
complex i s  so much l i k e  t h e  or iginal  reactants.  
frequency f a c t o r  from an Arrhenius p lo t  should be*1013. 
of coal decomposition, i n i t i a l ,  intermediate, o r  f i n a l  it i s  seen t h a t  
energy considerations ru le  out simple unimolecular decomposition a s  
being rate  determining. 

This means t h a t  the 
I n  each region 

Since a simple unimolecular k ine t ic  model does not explain the  
weight l o s s  curve, or even p a r t s  of it rigorously,  three extensions 
have been advanced. The f i rs t  of these might be roughly defined a s  
t h e  unimolecular approach. 
curve can be defined by a number of independent unimolecular decomposi- 
t ions .  Various w r i t e r s  (2-5) have considered from one t o  f ive ,  although 
P i t t  (6) derives the  general  case where a great many decompositions take 
p a r t  i n  the weight l o s s  curve. 

This assumes t h a t  t h e  weight loss-time 

The second model was proposed by N. Berkowitz (7) .  I n  his repre- 
sentation, he assumes a s  coal i s  placed i n  a hot environment, t h a t  a 
rapid pyrolytic react ion occurs. T h i s  react ion produces a la rge  volume 
of vo la t i le  mater ia l  t h a t  i s  s tuffed i n t o  t h e  inter-porous space of the  
coal par t ic le .  
t h e  inter-porous volume a s  giving r i s e  t o  t h e  kinet ics .  
t h e  i n i t i a l  decomposition a s  unimolecular and estimates appropriate 
r a t e  constants t o  f i t  the  slow diffusion controlled process. 

H e  postulates  a slow diffusion of vo la t i le  matter f r o m  
He considers 

The t h i r d  approach i s  t h a t  defined by van Krevelen and co-workers 

/' 
(8, 9).  
pyrolyt ic  weight loss curves, but other coal pyrolytic phenomenon. 
approach assumes t h a t  the  decomposition of a bituminous coal can be 
distinguished i n t o  t h r e e  successive reactions;  
intermediate phase (metaplast)  which i s  (par t ly)  responsible f o r  t h e  
p las t i f ica t ion  and transformation of this intermediate i n t o  semi-coke 
and f i n a l l y  i n t o  coke with three  individual r a t e  constants. 

They pos tu la te  a mathematical scheme t o  define not only the  
This 

formation of an unstable 

1 

P 
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I n  addition t o  the  assumption o f  one unimolecular decomposition 
the following assumptions are  made i n  the  three  models. 
Berkowitz; 
i n  the  pore s t ructures ,  (2)  a diffusional ly  controlled r a t e  l o s s  which 
can not be t rea ted  rigorously, and (3) an assumed time of completion 

Case 11, P i t t ;  
(1) a value f o r  the  frequency fac tor  "a1', (2 )  the i n i t i a l  concentration 
of a l l  vo la t i le  species i s  the same, (3 )  a l a r g e  number of independent 
unimolecular decompositions of d i f fe ren t  ac t iva t ion  energies. Case 111, 
van Krevelen; 
(metaplast) which decomposes t o  give gas, (2)  equal i ty  of r a t e  constants 
for  formation and decomposition of metaplast and ( 3 )  the occurrence of 
a second (semi-coke) decomposition which produces addi t ional  gas. 

Case I, 
(1) an undefinable equation of s t a t e  of the  product gases 

P of p y r o l p i s  which determines the  act ivat ion energy. 

(1) an i n i t i a l  depolymerization t o  unstable intermediate 

I Berkowitz found t h a t  s ignif icant  differences existed between the  
weight loss-time curves f o r  a -10 t o  +28 mesh coal and a -60 mesh coal. 
I n  our laboratory representative samples of -40 Bo 6 0  and -200 t o  +250 
mesh coals were pyrolyzed. The weight l o s s  time curves were ident ica l .  
It i s  possible t h a t  heat d i s t r ibu t ion  and thermal conductivity may be 

7 

I 
important with la rger  p a r t i c l e  sizes.  

I n  P i t t ' s  model (Case 11) it i s  assumed t h a t  the  independently 
decomposing coal molecules have a d is t r ibu t ion  of act ivat ion energies 
f o r  decomposition between E and E M .  
molecules remaining a f t e r  some time t i s  given by the  equation: 

The number of undecomposed 

AT 
nt = n f ( E ) e  dE 

0 

Mathematically assuming an energy d is t r ibu t ion  from zero t o  i n f i n i t y  
and plot t ing a range of act ivat ion energies, the  da ta  give a broad 
maem i n  the d is t r ibu t ion  curve i n  the  energy range 50 t o  55 kcal/mole. 

An al ternate  treatment using P i t t ' s  model gives the equation: 
J J 

r? - k i T  
x = Ei - z i e -  

i = 1  i =.1 

Using P i t t ' s  assumptions of equal i n i t i a l  where j decompositions occur. 
concentration of v o l a t i l e  matter a curve analogous t o  Figure 4 can be 
constructed. 
51.6 kcal/mole i s  obtained. 
mole. 
kcal/mole. 
equal i n i t i a l  concentration of a l l  the  v o l a t i l e  species. 

From k l  f o r  our run 1 7 / R  (682OK), an act ivat ion energy of 
From kf t h e  ac t iva t ion  energy i s  55.2 kcal l  

For run 24/R (77OoK),  the  respective values a r e  55.2 and 61.4 
The one disadvantage of P i t t ' s  model i s  the assumption of  

If t h e  species 
pyrolyzed were l a r g e  a more tenable assumption i s  equal 
act ivat ion energies).  I f  so,  the  above equation reduces 
order kinet ics  and the  i n i t i a l  concentration of B i  i s  unimportant. 

I n  van Krevelen's model (Case 111) , t h e  assumption t h a t  the  r a t e  
are equal and t h a t  one ha l f  of the  gas evolved i s  

The problem can be solved by modifying 

constants k l  and k 
from each of two sfeps does not result i n  a good fit of the  experimental 
curve, according t o  P i t t  (6).  
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s l i g h t l y  t h e  van Krevelen model t o  permit an estimation of t h e  gas 
produced i n  each s tep.  Mathematically the  f i n a l  expression i s  the  
same a s  the  in tegra ted  form f o r  a consecutive reaction except t h a t  
t h e  fract ion of gas produced i s  defined by a r a t i o  of r a t e  constants. 
The modified model cons is t s  of t h e  following steps:  

Coal kd + R. R. .-*Gas and R. ____ 
and M 
van Krevelen's metaplast and M i s  equivalent t o  semi-coke; 
s t a t e  i s  assumed f o r  R - .  
can be determined from Figure 4. From t h e  points of an Arrhenius p lo t ,  
t h e  var ia t ion i n  kd with temperature gives t h e  l e a s t  square equation of 
log, (kd) = -11.1/T 
kcalfmole and a frequency fac tor  of 3.3 x lo5. 
corresponds roughly t o  k3 of the van Krevelen model or kf discusse8 
previously. 
i s  very small (-2.4 kcal/mole). 
second step. 

k kl > M  M-S-Gas k 

k7 ?.Coke, where Re i s  a react ive intermediate similar t o  
a steady 

By making cer ta in  simple approximations 

+ 12.7 which gives an act ivat ion energy of 22.1 
If ko "k2, then k 

Pyrolysis could not account f o r  the  

+- k2 

T h i s  means t h a t  the act ivat ion energy f o r  the second s tep 
< 

A new model which f i ts  the  experimental da ta  involves t h e  following 

the decomposition exhibi ts  first order dependence upon the number 
two assumptions. 
law; 
of surface si tes (S:) avai lable  a t  any time. 

The decomposition follows a simple f i r s t  order r a t e  

T h i s  model i s  based upon the e a r l i e r  worker's observations and data 
I n  the pyrolyses conducted c i t e d  and upon addi t ional  experimental data .  

i n  this laboratory,  t h e  calculated residence time of v o l a t i l e  products 
i s  9.3 seconds. Analyses of the nitrogen c a r r i e r  gas  stream u t i l i z i n g  
an F and M model 720 Chromatograph and a Consolidated Electrodynamics 
Model 21-620 Mass Spectrometer showed no detectable low molecular weight 
hydrocarbons. The product gases 
were frozen out i n  a l i q u i d  nitrogen cooled t r a p  and analyzed. 
hydrocarbon and carbon dioxide concentration was determined t o  be 1.8% 
with C&, C2H6, C H8, c4-C~ and higher hydrocarbons being present i n  the 
r a t i o  80:60:62:123. The gas analysis ind ica tes  tha t  i n  addition t o  the 
CO2 and H 2 0  produced, t h e  pr inciple  primary decomposition products were 
of high molecular weight. 
reactions. These a n a l y t i c a l  data strongly suggest t h a t  l a rge  molecules 
i n  the coal a r e  fragmented t o  produce the  primary products, probably i n  
a single bond breaking, unimolecular reaction. 

s i tes ;  the pyrolysis  react ion would be wri t ten S: + (1-2) k , Z  + S: . 
The d i f f e r e n t i a l  equation defining the  r a t e  is: dZ/dT = ko (1-Z)(S:). 
The second postulate  requires  t h a t  d(S:)/dZ = -h(S:) which on integrat ion 

gives (S:) = e-bz. . From 

w r i n g ' s  r a t e  theory (14) t h e  r a t e  constant ko' = %-4F*/RT where k i s  

Boltzmann's constant and h i s  Planck's constant. 
act ivat ion var ies  i n  a l i n e a r  manner with the amount pyrolyzed, AFf = 

If g i s  a function of the  entropy of activation only, i . e .  
of the r e l a t i v e  c o m p l e ~ t y  of the act ivated complex t o  the undecomposed 

The usua l  d i s t i l l a t e  was a t a r  mist. 
The t o t a l  

The l i g h t  gases found may be due t o  secondary 

The second postulate  involves a f i rs t  order dependence upon surface 

-bZ Subst i tut ing one obtains dZ/dT = ko(l-Z)e 
/ 

%f the f r e e  energy of 

AFof + qZ. - 
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reactant,  t h e  temperature dependence of entropy cancels when this  
equation i s  subst i tuted i n t o  w i n g ' s  equation. 
i n t o  a unimolecular r a t e  equation, the equation dZ/dT = k, (l-Z)e-bz 

r e s u l t s  where b i s  an entropy dependent term o r  dZ/dT = ikT/h)e 

dZ/dT versus Z should give a s t r a i g h t  l i n e  of slope b12.3. T( 1 -Z)  A p l o t  of log  

If the  model i s  correct  t h e  slope should not be temperature dependent. 
I n  Figure 9 the appropriate p l o t s  a re  represented from 0 t o  75% completion. 
A s  can be seen, excellent point l i n e a r i t y  and slope agreement at di f fe ren t  
temperatures, a re  found, especial ly  €or t h e  lower temperature curves. 

If this i s  subs t i tu ted  

-u*lRT(l-z)e -bZ . 

A t  the lower temperatures l i n e a r i t y  i s  observed f o r  90% of t h e  
pyrolysis. 
a t  75% completion. 
a t  higher temperature (6 )  or an increase i n  secondary reactions.  

A t  higher temperatures a departure f r o m  l i n e a r i t y  occurs 
This might ind ica te  a break down o f  t h e  coal surface 

From t h e  in te rcepts  of Figure 9, Figure 10  was constructed. The 
heat of  act ivat ion was found t o  be 55.8 kcallmole. 
This corresponds t o  a very syl1 posi t ive entropy of act ivat ion or  t o  a 
frequency fac tor  of about lo1 , a value t o  be expected from theore t ica l  
considerations. 
bond breaking reactions.  

Van Krevelen's observation i s  most germain: 

The in te rcept  i s  13.51. 

The act ivat ion energy i s  of  the  r i g h t  magnitude f o r  

"Any k ine t ic  interpre-  
t a t i o n  i s  much too  simple t o  provide a complete descr ipt ion of t h e  
complicated decomposition process; 
regard it a s  a mathematical model which does not pretend t o  be more than 
an aid f o r  obtaining a semi-quantitative descr ipt ion of the  experimental 
resu l t s .  

therefore ,  it i s  more cor rec t  t o  

Appreciation i s  expressed t o  the  Office of Coal Research which, with 
t h e  S ta te  of Utah co-sponsors this research. 
t h e  advice and counsel given by D r .  R. I. Reed and D r .  Larry L. Anderson 
i n  the  in te rpre ta t ion  of the data .  

We a r e  gra te fu l  a l s o  f o r  

.. . 
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BOND RUPTURE PROCESSES IN COAL PYROLYSIS 

H.M. Brown and N. Berkowitz 
Research Council of Alberta 

Edmonton, Canada 

The purpose of  this paper i s  to report some preliminary findings of a study 
which, while primarily concerned with the kinetics of carbon crystallite growth at T > 
650°C, i s  also beginning to delineate a major route by which unpaired electrons (i,e. 
socalled "free radicals") form in  coal chars. The results are of  particular interest in- 
asmuch as they demonstrate that skeletal C - 0  and C-C bond rupture processes are * - 
as i s  commonly thought - confined to  the temperature region between 400" and 650°C 
(in which tar forms by elimination of naphthenic structures). 

Experimental 

Experimentally, the investigations here under discussion centre on (i) heat 
treatment o f  a coal sample i n  vacuo at  a series of pre-selected temperatures; (ii) rapid 
quenching after such heat treatment; and (iii) measurement of the magnetic mass sus- 
ceptibil i ty and pure diamagnetic susceptibility of the quenched residue. 

For the experiments so far completed, cleaned (-65 +200 mesh) samples o f  
a low volati le bituminous coal (ash <0.5%; Ref. 1) were chosen. These were vacuum- 
carbonized at mm Hg and 6"C/min., held a t  the selected final temperatures for 
periods varying between <5 seconds and 0.5 hr. , and then rapidly cooled by external 
a i r  jets. Figure 1 exemplifies a typical heating and quenching program. When the ' 

carbonized residues had attained room temperature, the furnace assembly was flooded 
with purified nitrogen, and the residues removed and transferred to a continuously e- 
vacuated desiccator. 

Immediately prior to  their use in the magnetic balance (cf. below), and 
always within less then 24 hrs. after preparation, samples were rapidly f i l led into the 
upper chamber o f  a compensated specimen holder (cf. Detail B, Figure 2) and the load- 
ed holder re-evacuated i n  order to allow proper settling of the char. After 30 minutes' 
pumping, the holder was again flooded with purified nitrogen, removed, weighed and 
inserted'into the vacuum chamber of  the specially constructed Gouy-type balance, 
Sample weights were usually o f  the order of 1 .O gm. 
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The assembly in which magnetic susceptibilities were measured i s  diagram- 
matically shown in Figure 2. 
(Detail A, Figure 2) suspended i n  a shielded vacuum chamber V; (ii) a specimen tube 
suspension S extending from V into an evacuated tube fitted with the necessary temper- 
ature control and measuring equipment; and (iii) a Cambridge electromagnet capable of 
creating fields of up to  16,000 gauss across a one-inch gup between conical pole pieces. 
Balance readings were taken with a cathetometer M after major weight changes had been 
compensated by adjusting the current to  a carefully calibrated solenoid coil C. Cali- 
bration of  the balance and magnet at  current densities from ca. 2 to 15 amp. was carried 
out with pure specimens of rhombic sulphur for which%= -0.490 x 10-6 cgs units per 
gm. over the temperature range from 25" to  -196°C. 

It consists of (i) a custom-made quartz fibre balance* 

Measurements of x with coal chars were made at  25"C, whilexd;, was 
obtained from plots of% vs. l/T, i.e. by assuming Curie's Law to be operative and 
extrapolating% vs. 1/T to zero. To permit construction of the necessary graphs, de- 
terminations of% were also made a t  -78.5"C (the sublimation temperature of C02) 
and at  -196°C (the boil ing point o f  nitrogen)**. The linearity of the resuItantXvs. 
1/T plots, and the accuracy with which i t  proved possible to  estimateXdia from these 
plots, can be gauged from Figure 3. 

Individual values of% cited below represent averages of 5 determinations 
which were, in turn, each replicated by measurements at  several different f ield 
strengths in the range 6000 - 14000 gauss. Maximum deviation within any one set of 
5 determinations was always less than 0.005 x 10-6 cgs gm". 

Experimental data so far available are summarized in Figures 4 and 5 .  
Figure 4 shows the variation of% and %dig with heat treatment time tH at  500°, 
600" and 750"C, while Figure 5 shows the corresponding variation of AX, i.e. of 
%dig - x 2 5 0 .  On the assumption that the entire paramagnetic component of% i s  
associated with unpaired electrons on carbon atoms, i .e, that residual mineml matter 
makes no significant contribution to%, AX affords a direct measure of  the "free ra- 
dical" concentration. 

Comments on Procedure 

The temperatures at  which coal samples were pyrolyzed i n  the present 
series of experiments were selected to  correspond to particular points in  the behaviour 
pattern of equilibriated specimens, i.e. of specimens which were, in each case, 

* Manufactured by Worden Laboratories, Houston. The instrument used by us had a 
total capacity of better than 10 gms. and a sensitivity of 5 micrograms at full 
load, 

** These temperatures were checked with a calibrated chromel/p-alumel thermo- 
couple. 

1 

1 
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held at  the final temperature for 2 hr (1). The 500°C point thus corresponds to the on- 
set of active thermal decomposition (as evidenced by a sharp downward turn of the%/T 
plot, by increasing rates of weight loss, and by an increasing d-spacing and decreasing 
c-dimension of the crystallite). The 600°C point corresponds to the near-end of active 
decomposition. And at 75OoC, marked growth of the carbon lamellae (as evidenced 
by large increases i n  their E-dimension) i s  i n  progress. 

- 

This dependence of behaviouron temperature - and the fact that heat treat- 
ment temperatures i n  the present series of experiments were approached gradually - 
imposes an important limitation on the data shown i n  Figure 4. Since transient pro- 
cesses at temperatures below the final heat treatment temperature wi l l  take place while 
the coal sample approaches this final temperature, both the form and location of indi- 
vidual %I vs. t H  graphs within the coordinate system must be seen as extensions of 
changes which commence at "negative" times (i .e. to the l e f to f  the%-coordinate in 
Figure 4) and at correspondingly higher% values than the nominal ini t ial  values shown 
i n  the diagram at t H  = 0. 

This recognition, which accounts for the inverse relationship between the 
" in i t ia l"  susceptibility and heat treatment temperature and which also explains the 
fact that the% vs t H  curve at  750°C passes through so much shallower a minimum 
than the 600°C curve, necessarily complicates a kinetic interpretation of the data*. 
fht i t  i s  pertinent to note here that the problem i s  essentially unavoidable - that i t 
arises from the nature of coal per se. Theoretically, the best alternative to the heating 
schedule chosen i n  this studywouldbe shock-heating, i.e. an approach to  the final 
temperature i n  minimum time. However, with diffusion control over disengagement 
of volati le pyrolytic products (2, 3), such a course - followed by short heat treatment 
periods - would produce chars containing an indeterminate residue of undischarged 
pyrolytic matter making an indeterminate contribution to%. The measured value of 

would here, i n  other words, be meaningless. 

Discussion 

So far as we are aware, only H. Honda (4) has published data on the vari- 
ation o f% with tH. He does not, however, seem to have concerned himself with the 
detailed form of this variation - Figure 4 of h i s  paper (4) shows results for tH = 15, 30, 
60 and '20 minutes only - and while the text of the paper refers to "diamagnetic nuiss 
susceptibility", i t  i s  clear that the reported values refer to the uncorrected mass sus- 
ceptibility, i .e. to% rather than%dia. 
uncertainty attaching to the conditions under which Honda pyrolyzed his samples), the 
results summarized i n  Figures 4 and 5 cannot be viewed against an established back- 
ground. But subject to the recognition that they represent ini t ial  data (and bearing 
in mind the limitations referred to above), they nevertheless allow of some important ten- 
tative conclusions. 

For these reasons (and also because of the 

*Efforts to develop graphical methods by which the necessary corrections can be inter- 
polated seem to be meeting with some success. They w i l l  be reported i n  due course. 
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In principle, a fall in% may be associated with either (a) the formation 
of unpaired electrons by any-mechanism, or (b) a decrease in  the size of the average 
aromatic area of the statistical structure unit (or lamella), (b) itself may or may not 
be accompanied by formation of unpaired electrons and would, i f  not so accompanied, 
cause a fall in X, by reducing the socalled London contribution to the observed mass 
susceptibility. Conversely, a rise in% can be attributed to either a removal of un- 
paired electrons from the system (by o -  n or m -  n coupling) or simple growth of 
aromatic lamellae. The fact that variations o f %  andXdia  with tH follow virtually 
parallel courses (which are only displaced with respect to each other along the% - 
coordinate), i.e. the relative insensitivity of Ax to changes in  tH (cf. Figure 5), i s  
i n  these circumstances highly significant. 
"negative" time values (cf. above) and noting that A% itself increases with the heat 
treatment temperature, i t  implies that, for short heat treatment periods at least, a 
modified (b) operates, i.e. that% and %dia fall as a result of lamellar size reductions 
and simultaneous formation of unpaired electrons, but that unpaired electrons are sub- 
sequently "frozen" into the structure without actually being eliminated by pairing. In 
view of Figure 5, the rise i n %  and%dia must clearly be ascribed to lamellar growth 
only. 

Bearing in  mind transient processes at 

- 
The corollary of  this conclusion is,  of course, that unpaired electrons are 

created by rupture of rs - bonds, i .e. by rupture of C-C and/or C - 0  lattice bonds, 

It might usefully be observed that such an identification i s  in general 
harmony with certain other findings. It is, for example, qualitatively supported by 
Mrozowski and Andrew's observation (5) that the "free radical" concentrations i n  
polycrystalline graphitized carbons can be greatly increased by prolonged grinding 
in  inert atmospheres (or i n  vacuo). And i t  also lends support to the suggestion (6) that 
ultimate elimination of unpaired electrons by extended heating at T >65O"C can be 
associated with a change i n  the semiconductor mechanism at 65O0-7O0"C - from excess 
electron to excess "hole" conduction (7) - by postulating a progressive n - n electron 
interaction. 

But more immediate interest attaches to the fact that conclusions derived 
from the data contained i n  Egures 4 and 5 bear directly on descriptions of the overall 
coal pyrolysis process. 

The gross features of this process are conventionally described in  terms of  
a 3-stage sequence which, successively, involves (i) elimination of peripheral function- 
a l  groups at T <400°C; (ii) skeletal breakdown and reorganization between -400" and 
650°C; and (iii) progressive growth and ordering of aromatic lamellae at T >650°C. 
i s ,  i n  other words, supposed that only the second stage involves more than peripheral 
reactions*, 

I t  

*A recent study concerned with the kinetics of hydrogen formation at temperatures i n  the 
range 60O"-80O0C has led to the conclusion (9) that rates of H-elimination are controlled 
by lamellar mobility and that abstraction of hydrogen from positions at  the peripheries of 
the lamellae is the immediate precursor of crystallite growth. 
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In the l ight of evidence now available, this view requires some revision. 
In particular, i t  must now be concluded that skeletal reorganization can extend well 

oxygen from coal chars. 

1 
I 
I 
I 

into the third stage and that i t  i s  here connected with the elimination of residual 

Investigations into the kinetics of water formation at temperatures i n  the I 
f 

I 

range 650°-8500C (8) have shown that a l l  (or almost a l l )  oxygen lost in  this range 
ultimately appears as water; that the reactions leading to  formation of water (which 

' must itself be regarded as a secondary or tertiary product) are a l l  relatively fast; and 
that kinetic control over water formation i s  exerted by bond rupture processes (which, 
insofar as they involve non-quinoid oxygen, must partially disrupt lamellae and result 
i n  a fal l  i n %  even i f  no unpaired electrons are formed in  the process). 
borne in  mind that elemental hydrogen (deriving from peripheral H-atom abstraction) 
and water (at least partly deriving from carbonization of ether-structures and hetero- 
cyclic 0-bearing aromatics) are the only  products actually formed by decomposition of 
coal at T >650°C* , association of  reductions i n  x (and with oxygen-breakout 
at these temperatures i s  virtually inescapable. The fact that oxygen-breakout is, as 
already noted, fairly fast (and generally 90% complete within 10 minutes from the 
start of reaction; Ref. 8) and that % and %dia undergo rapid changes at correspond- 
ingly low values of tH, may be seen as additional support for such a view. 

If i t  i s  now 

\ 
1 

It is ,  however, i n  t h i s  connection of interest to observe that measurements 
of rates of water formation between 650° and 850°C indicate sequential oxygen removal 
by at least two reactions. I f  the association between oxygen elimination and changes 
i n %  here suggested i s  accepted, plots of ?!J vs. tH would therefore be expected to pass 
through at least two corresponding minima - with the second tentatively placed at t H  

t 7-8 minutes. This point i s  currently being checked. 
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3. COOLING PERIOD 
Flgun 1 ,  A Tlpicol H.otinp and Qumchir. Pqmrn. 
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INTRODUCTION 

The p y r o l y s i s  and ca rbon iza t ion  behavior  of c o a l  has  been 
s t u d i e d  i n t e n s i v e l y  s i n c e  t h e  i n d u s t r i a l  r e v o l u t i o n .  Many techniques  
have been developed, b u t  most r e q u i r e  r e l a t i v e l y  l a r g e  q u a n t i t i e s  of 
m a t e r i a l ;  t h e y  a re  time-consuming and expens ive  t o  perform. The 
Microsample S t r i p  Furnace desc r ibed  i n  t h i s  paper  u ses  only  a few 
mi l l ig rams of m a t e r i a l  and e v a l u a t i o n s  can be c a r r i e d  ou t  i n  a 
m a t t e r  of minutes .  Techniques have been developed t o  s tudy  coking 
behavior  on hea t ing ,  weight loss on hea t ing ,  t h e  n a t u r e  of t h e  pro-  
d u c t  evolved du r ing  t h e  h e a t i n g  sequence, and a s h  d i s t r i b u t i o n  and 
p r o p e r t i e s  . 

These techniques  g e n e r a l l y  y i e l d  q u a l i t a t i v e  in fo rma t ion .  The 
obse rva t ions  ass i s t  i n  t h e  i n t e r p r e t a t i o n  of t h e  phenomena involved,  
and s e r v e  as a guide  i n  s e t t i n g  up more q u a n t i t a t i v e l y  p r e c i s e  
experiments .  Q u a l i t a t i v e  d i f f e r e n c e s  i n  p y r o l y s i s  behavior  can 
r e a d i l y  be observed and problems such as sample h e t e r o g e n e i t y  
r e a d i l y  d e t e c t e d  . 

APPARATUS 

The Microsample S t r i p  Furnace ( o r  o f t e n  c a l l e d  s imply a ho t -  
s t a g e  microscope)  has  been desc r ibed  i n  p rev ious  p u b l i c a t i o n s ' .  
model a v a i l a b l e  a t  P r ince ton  ( F i g u r e  1) i s  similar except  t h a t  
manual tempera ture  c o n t r o l s  a r e  employed. E s s e n t i a l l y ,  t h e  u n i t  
c o n s i s t s  of an enc losed  m i c r o s t r i p  fu rnace  and swing-out,  s t e r e o -  
scopic ,  v a r i a b l e  power microscope. The microscope i s  f i t t e d  wi th  
a v e r t i c a l  i l l u m i n a t o r ,  s o  t h a t  a n  o p t i c a l  pyrometer can be used t o  

The 

'A. R .  Conroy and J .  A. Robertson, "Cont ro l led  Atmosphere Hot S tage  
f o r  Microscopic Observa t ions  of  Glass Melt ing Phenomena. P a r t  I, I'  

The Glass I n d u s t r y ,  44, 76-9, 139-43 (1963). 
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measure t h e  tempera ture  of t h e  ho t  s t r i p .  The furnace  c o n s i s t s  of 
a s t r i p  of  plat inum, molybdenum or o t h e r  r e f r a c t o r y  meta l  held 
between two water-cooled e l e c t r o d e s .  Power f o r  r e s i s t a n c e  hea t ing  
i s  supp l i ed  b y  a 4 -vo l t ,  100 ampere step-down t ransformer .  The 
tempera ture  c a n  be r a i s e d  s lowly  by manually a d j u s t i n g  t h e  au to -  
t r ans fo rmers  or q u i c k l y  b y  p r e s e t t i n g  t h e  au to t r ans fo rmers  and then 
snapping t h e  swi t ch  on. The fu rnace  assembly i s  covered w i t h  a n  
envelope c o n s i s t i n g  o f  a p i ece  of t h ree - inch  Pyrex p ipe  t o  t h e  top  
of which i s  s e a l e d  a p l ane  p i e c e  of o p t i c a l  q u a r t z .  The sample i s  
viewed through t h e  q u a r t z  p l a t e ,  and s i n c e  a long working d i s t a n c e  
o b j e c t i v e  i s  used a t  7-30 X t o t a l  magn i f i ca t ion ,  coo l ing  of t h e  micro- 
scope i s  not  r e q u i r e d .  The enc losed  a r e a  can be f lu shed  wi th  any 
gas  d e s i r e d .  T h i s  gas  i s  in t roduced  so a s  t o  sweep a c r o s s  the  qua r t z  
window and thus  prevent  fogging by condens ib les .  

, 

The tempera tures  t h a t  can be reached depend mainly on t h e  
r e s i s t i v i t y  and t h i c k n e s s  of t h e  s t r i p  m a t e r i a l .  We used 3-5 m i l  
t h i c k ,  8 mm wide p la t inum or molybdenum i n  t h i s  s tudy .  The maxi- 
mum temperature  o b t a i n a b l e  i s  l i m i t e d  by t h e  *melting po in t  of t h e  
m a t e r i a l ,  3190°F f o r  p la t inum and 4750°F f o r  molybdenum. 

PRELIMINARY OBSERVATIONS 

Microscopica l ly ,  c o a l  i s  a heterogeneous composite of macerals  
It i s  d e s i r a b l e  t o  make a p re l imina ry  microscopic  observa t ion  t o  
de te rmine  the  minimum p a r t i c l e  s i z e  which is  r e p r e s e n t a t i v e  of t h e  
m a t e r i a l  under s t u d y .  I f  t h e  h e t e r o g e n e i t y  i s  large w i t h  r e spec t  
t o  t h e  s i z e  of t h e  p a r t i c l e  p r e f e r r e d  f o r  microscopic  s tudy ,  then  
the  va r ious  components can be sepa ra t ed  and s tud ied  i n d i v i d u a l l y .  
The  f i n a l  conclus ions  a r e  then  weighted acco rd ing ly .  O r ,  a compos- 
i t e  o f  f i n e  p a r t i c l e s  can be s t u d i e d  a s  r e p r e s e n t a t i v e  of t h e  t o t a l  
composi t ion.  If t h e  h e t e r o g e n e i t y  i s  of f i n e  s t r u c t u r e ,  s o  t h a t  
i n d i v i d u a l  p a r t i c l e s  of t h e  d e s i r e d  s i z e  are r e p r e s e n t a t i v e ,  t h e  
sample can b e  cons ide red  a s  homogeneous f o r  t he  t e s t s  desc r ibed .  
The la t ter  was t h e  c a s e  i n  t h e  c o a l s  used i n  t h i s  s tudy .  

The i n d i v i d u a l  behavior  of t h e  var ious  macerals  on hea t ing  can 
be observed,  i f  d e s i r e d ,  by h e a t i n g  a t h i n  s e c t i o n ,  i n  which t h e  
macera ls  h a v e  been i d e n t i f i e d ,  i n  d i r e c t  con tac t  w i th  t h e  s t r i p .  
The t h i n  s e c t i o n  must be c a r e f u l l y  c leaned t o  remove t h e  cement 
used i n  its p r e p a r a t i o n .  Also, t h e  cement-solvent  system chosen 
must n o t  modify t h e  s e c t i o n .  

Slow o x i d a t i o n  o f  the  c o a l  p a r t i c l e  i n  a i r  o f t e n  b r i n g s  out  
t h e  s t r u c t u r a l  d i s c o n t i n u i t i e s  which a r e  d i f f i c u l t  t o  s e e  i n  the  
u n t r e a t e d  p a r t i c l e .  T h i s  o x i d a t i o n  can be c a r r i e d  all t h e  way t o  
t h e  f i n a l  a s h  s k e l e t o n ,  showing t h e  d i s t r i b u t i o n  of ash-forming 
m i n e r a l s .  
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A few minutes  spen t  i n  t h i s  p r e l i m i n a r y  examinat ion w i l l  pe rmi t  
the  s e l e c t i o n  of more meaningful  samples  for subsequent  s t u d i e s ,  and 
w i l l  p rovide  a b e t t e r  unde r s t and ing  of  t h e  phenomena t o  be observed 
l a t e r .  

CARBONIZATION O F  COAL 

D i f f e r e n t  r anks  of c o a l  show g r e a t  d i f f e r e n c e s  i n  behav io r  under  
f i x e d  h e a t i n g  c o n d i t i o n s ,  and c o a l s  of  t h e  same rank  show d i f f e r e n t  
behav io r s  i f  h e a t i n g  r a t e s  o r  a tmospheres  are  v a r i e d .  For example, 
i t  can be r e a d i l y  seen  t h a t  a l i g n i t e  which undergoes excess ive  
p a r t i c u l a t e  shr inkage ,  th rough loss of g a s  only ,  can be processed  
i n  equipment t h a t  would be comple te ly  unable  t o  hand le  a coking 
c o a l .  Observa t ions  of t h i s  n a t u r e  b e f o r e  des ign ing  of l a b o r a t o r y  o r  
p i l o t  s e t - u p s  reduce  l a t e r  problems. The t ime  r e q u i r e d  f o r  such 
o b s e r v a t i o n s  i s  minimal. 

Observa t ions  made b e f o r e  des ign ing  l a b o r a t o r y  equipment should  
be fol lowed by p e r i o d i c  examinat ion of i n t e r m e d i a t e s  and products  
prepared  i n  l a b o r a t o r y ,  p i l o t  and shake-down p l a n t  r u n s .  Often a 
product  c h a r a c t e r i s t i c  no t  appa ren t ,  except  by  microscopic  s tudy ,  can 
i n d i c a t e  needed p rocess  changes.  The anomaly can o f t e n  be d u p l i c a t e d  
under  t h e  microscope and the  remedy checked f o r  e f f e c t i v e n e s s  b e f o r e  
be ing  a p p l i e d  on a l a r g e r  s c a l e .  

Experiments i n  which h e a t i n g  r a t e  was v a r i e d  have been e s p e c i a l l y  
in fo rma t ive .  The h o t  s t a g e  o f f e r s  a much wider range  o f  a v a i l a b l e  
h e a t i n g  r a t e s  t h a n  most p y r o l y s i s  equipment and so  a l l o w s  one t o  
de te rmine  what might happen beyond the  l i m i t s  of t h e  l a r g e r  equip-  
ment. Th i s  i s  i l l u s t r a t e d  i n  exper iments  i n v o l v i n g  shock h e a t i n g  o f  
v a r i o u s  c o a l s .  

A s m a l l  p i e c e  of c o a l ,  about  1 -2  mg, was p l aced  on t h e  s t r i p  
and shock heated t o  abou t  1000°C by snapping t h e  s w i t c h  wi th  t h e  
t r ans fo rmers  p r e s e t  f o r  1000°C. Coking c o a l ,  such  as  F e d e r a l  m e l t s ,  
exudes t a r s  and vapors  which condense on t h e  g l a s s  v e s s e l ,  and forms 
a coke b u t t o n .  A non-coking subi tuminous  c o a l  such as  E l k o l  does 
n o t  m e l t ,  b u t  p u f f s  ou t  i n t o  a porous s t r u c t u r e  w i t h  t h e  l o s s  of 
l i g h t  vapors  ( F i g u r e  2 ) .  A s imple  t e s t  f o r  cok ing  i s  t o  h e a t  two 
p a r t i c l e s  of  c o a l  i n  c o n t a c t  w i t h  each o t h e r .  Coking c o a l s  w i l l  
f u s e  w h i l e  non-coking c o a l s  w i l l  n o t .  The s t r e n g t h  of t h e  bond 
a f t e r  c o o l i n g  can be  e a s i l y  e s t i m a t e d  by probing  w i t h  a needle  while 
obse rv ing  through the  microscope.  

WEIGHT LOSS 

It had been thought  t h a t  the observed volume changes could  be 
used  t o  e s t i m a t e  t h e  pe rcen tage  of c o a l  v o l a t i l i z e d .  However, 
because  of d e n s i t y  and p o r o s i t y  changes i n  t h e  cha r ,  t h i s  was n o t  
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p o s s i b l e .  It was t h e r e f o r e  decided t o  a t tempt  a semi -quan t i t a t ive  
approach by weighing a c o a l  p a r t i c l e  be fo re  and  a f t e r  exposure on 
t h e  hot  s t a g e .  It was found t h a t ,  wi th  ca re ,  p a r t i c l e s  o f  c o a l  
weighing one t o  t h r e e  mi l l i g rams  could  be handled.  -Weighing was 
performed on a microbalance  s e n s i t i v e  t o  ~0.000001 g m  (1 microgram). 

Considerable  t echn ique  development was necessa ry  t o  reduce the  
exper imenta l  s c a t t e r  found i n i t i a l l y .  D i r e c t  handl ing  of coa l  
p a r t i c l e s  with f o r c e p s  proved i m p r a c t i c a l  as t h e  cha r s  tended t o  
be t o o  f r i a b l e .  Mic roc ruc ib l e s  about  2 mm on t h e  edge were folded 
from plat inum f o i l  o r  gauze.  The tared c r u c i b l e s  were t h e n  used t o  
c o n t a i n  t h e  c o a l .  Bes ides  i n c r e a s i n g  r e p r o d u c i b i l i t y ,  t h i s  system 
al lowed t h e  e v a l u a t i o n  o f  f i n e - g r i n d  p a r t i c l e s  on t h e  hot  s t a g e .  
However, t h e  meta l  of t h e  c r u c i b l e  d i d  not  make p e r f e c t  con tac t  with 
t h e  meta l  s t r i p ,  even though t h e  s t r i p  was bent  t o  t h e  shape o f  t h e  
c r u c i b l e  and t h e  l a t t e r  was h e l d  as by a s p r i n g .  Also, t h e  t o t a l  
weight of metal that  had t o  be  hea ted  was about  doubled. A s  a 
r e s u l t ,  t h e  maximum tempera tu re  o b t a i n a b l e  was reduced from 3200'F 
t o  220O0F. 

Heat t r a n s f e r  t o  t h e  sample was from t h e  hea ted  s t r i p  only .  
Thus, h e a t  flow was e s s e n t i a l l y  u n i d i r e c t i o n a l ,  w i t h  t h e  bottom 
hea ted  f i r s t .  Th i s  phenomenon could be c l e a r l y  observed i n  coking 
c o a l s ,  where l i q u e f a c t i o n  and coking occurred  i n  waves s t a r t i n g  
from t h e  hea t  sou rce .  

The time t o  r each  set tempera ture  was es t ima ted  from the  c u r r e n t  
p u l s e  observed on an ammeter. When t h e  swi t ch  w a s  c losed ,  t h e  
c u r r e n t  r o s e  q u i c k l y  t o  a h igh  va lue .  A s  t h e  meta l  s t r i p  heated,  
i t s  r e s i s t a n c e  i n c r e a s e d ,  dec reas ing  t h e  c u r r e n t .  It was presumed 
t h a t ,  when t h e  c u r r e n t  had decreased  from t h e  peak va lue  t o  a 
s t e a d y  s ta te ,  t h e  s t r i p  had reached tempera ture  equ i l ib r ium.  The 
e f f e c t  of c r u c i b l e  and c o a l  on t ime t o  s t e a d y  state could b e  
observed.  It was e s t i m a t e d  t h a t  i t  took  1.5 t o  2 . 5  seconds t o  reach 
a tempera ture  o f  1830°F. 

3-7. A l l  curves  r e f l e c t  i nc reased  v o l a t i l i z a t i o n  wi th  inc reas ing  
tempera ture .  F u r t h e r ,  t h e  amount v o l a t i l i z e d  i s  o f t e n  g r e a t e r  than  
t h a t  obtained i n  theASTM v o l a t i l e - m a t t e r  t e s t .  The amounts vo la-  
t i l i z e d  a t  1742OF are compared i n  Table  I. I n  F igu re  4 t h e  number 
b e s i d e  each poin t  r e p r e s e n t s  t h e  number of experiments  averaged t o  
o b t a i n  i t .  

Weight-loss cu rves  f o r  s e v e r a l  c o a l s  are presented  i n  F igures  

These f i n d i n g s  are s imi l a r  t o  t h o s e  of  Loison and Chauvin2. , / 

- 

2R. Loison and R .  Chauvin, "Rapid P y r o l y s i s  of Coal , "  Cerchar,  
Cheltenham I n t e r n a t i o n a l  Coal  Sc ience  Conference,  1963. 
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Since  v o l a t i l i z a t i o n s  by  shock h e a t i n g  a r e  f o r  the most p a r t  
g r e a t e r  t h a n  t h o s e  ob ta ined  by the ASTM technique ,  t h e  h e a t i n g  r a t e  
must be r e s p o n s i b l e  f o r  t h e  i n c r e a s e .  A t  t he  t i m e  t h e  r e s u l t s  were 
ob ta ined ,  t h e  p o s s i b i l i t y  t h a t  e r r o r  i n h e r e n t  i n  t h e  technique  was 
r e s p o n s i b l e  f o r  a l l  t he  v a r i a t i o n  was cons ide red .  N o w  t h i s  can b e  
d i scoun ted  because  of o t h e r  d a t a  ob ta ined  i n  P r o j e c t  COED which 
suppor t s  t h e  conc lus ion  concern ing  t h e  dependence of  v o l a t i l i z a t i o n  
on the h e a t i n g  rate3.  
conf idence  t ha t  i n c r e a s e d  v o l a t i l i z a t i o n  cou ld  be ob ta ined ,  and 
t h e r e f o r e  guided t h e  exper iments  which q u a n t i t a t i v e l y  proved t h i s  
f i n d i n g .  

However, t h e  d a t a  ob ta ined  here gave us  t h e  

TAR AND LIQUOR YIELD 

I n  o r d e r  t o  e s t i m a t e  more q u a n t i t a t i v e l y  the amount of t a r  
and l i q u o r  formed, a measured amount o f  c o a l  was p l aced  i n  a me l t ing -  
p o i n t  c a p i l l a r y  t u b e .  The h o t  s t r i p  was ben t  i n t o  a loop  t o  hold  
the  coa l - con ta in ing  end of t h e  c a p i l l a r y .  On shock hea t ing ,  it was 
found t h a t  the  vapors  exuded and condensed i n  the uppe r  r eg ions  o f  
the c a p i l l a r y  w i t h  t h e  h e a v i e r  material condensing n e a r e r  t h e  c o a l .  
The n a t u r e  of t h e  exudate ,  whether t a r ,  l i q u i d ,  or gas ,  could  be  
e a s i l y  observed through t h e  microscope and i t s  condensa t ion  behav io r  
fo l lowed.  A s  shown i n  F igu re  8, coking  c o a l  such  as F e d e r a l  
tended t o  have more heavy ta r ,  w h i l e  t he  product  from non-coking 
c o a l s  such as subbi tuminous E lko la re  lighter and more mobi le .  A serni- 
q u a n t i t a t i v e  comparison of y i e l d  can be made by  measuring the 
l e n g t h s  of  c a p i l l a r y  c o n t a i n i n g  t h e  v a r i o u s  f r a c t i o n s .  

The c a p i l l a r y  t u b e  t echn ique  has been found t o  be p a r t i c u l a r l y  
u s e f u l  i n  t h e  r a p i d  s c r e e n i n g  of unknown c o a l s .  By u s i n g  a s t anda rd  
fill (0 .5 cm) of a s i z e d  c o a l  (40-60 mesh), an unknown c o a l  can be 
canpared w i t h  known s t a n d a r d s  w i t h  r ega rd  t o  water c o n t e n t ,  me l t ing  
( cok ing)  behav io r ,  volume change on h e a t i n g ,  tar  e v o l u t i o n ,  t a r  
c h a r a c t e r  ( l i g h t  o r  heavy)  and sometimes g a s  e v o l u t i o n  (made v i s i b l e  
by e n t r a i n e d  t a r ) .  The e n t i r e  obse rva t ion  takes abou t  f i v e  minutes  
and r e q u i r e s  on ly  a few mi l l i g rams  of sample. 

ASH DISTRIBUTION AND PROPERTIES 

Cons iderable  in fo rma t ion  can be ga ined  by obse rv ing  t h e  bu rn ing  
of a s i n g l e  p a r t i c l e  of c o a l  under t h e  microscope.  If des i red ,  t he  
ox ida t ion  can be c a r r i e d  ou t  slowly, a v o i d i n g  v i s i b l e  flames thus  
making p o s s i b l e  the  o b s e r v a t i o n  of t h e  slow removal of carbon from 
t h e  ash s k e l e t o n ;  or the  combustion can  be  fo rced  t o  de te rmine  i t s  

' 5 .  F. Jones, M .  R .  Schmid, R.  T .  Eddinger ,  C h e m .  Eng. Prog. l.0, 
No. 6, 1964. 
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i n f l u e n c e .  By r e g u l a t i n g  t h e  oxygen con ten t  of  the atmosphere, 
the  r a t e  of ox ida t ion  can be  c o n t r o l l e d  and t h e  in f luence  of 
tempera ture  i s o l a t e d .  

f 

When a c o a l  p a r t i c l e  i s  s lowly  oxid ized ,  t h e  ash-producing 
mine ra l s  a r e  l e f t  a t  t h e i r  o r i g i n a l  s i t e s  and a ske le ton  s t r u c t u r e  
i s  r e t a i n e d .  The o r i g i n a l  mine ra l s  may be converted t o  oxid ized  
forms, e . g . ,  p y r i t e  conver ted  t o  hemat i te ,  bu t  i n  t h e  absence of \ 

l i q u i f a c t i o n ,  t h e  conve r t ed  mine ra l s  remain d i s t r i b u t e d  i n  space 
about  t h e  same as  t h e i r  p redecesso r s .  This  a l lows  t h e  observer  
t o  dec ide  i f  b e n e f i c i a t i o n  techniques  would be u s e f u l  i n  upgrading 
t h e  c o a l  and t o  what deg ree  of s i z e  r educ t ion  the  c o a l  must be 
ground before  s e p a r a t i o n  could be expec ted .  

After t h e  ash s t r u c t u r e  has been s tud ied ,  t h e  temperature  I 

can be r a i s e d  and the  a s h  me l t ing  c h a r a c t e r i s t i c s  observed.  The ! 
a s h  me l t ing  po in t  or mel t ing  range can be e a s i l y  measured and the  
r e a c t i o n  o r  f l u x i n g  o f  ash components noted.  The behavior  of t h e  
a s h  on h e a t i n g  g i v e s  c l u e s  as t o  problems t h a t  might be  encountered 
i n  commercial use  of t h e  c o a l ,  such as c l i n k e r  formation,  f l u x i n g  
of f i r e  b r i ck ,  or f l y - a s h  c o n t r o l .  

CONCLUSIONS 

The techniques  j u s t  desc r ibed  show t h a t  t h e  ho t - s t age  microscope 
can  be a very u s e f u l  t o o l  i n  c o a l  r e s e a r c h .  It can be used  f o r  
q u a l i t a t i v e  obse rva t ion  o f  c o a l - s t r u c t u r e  ca rbon iza t ion  behavior ,  
and ash c h a r a c t e r i s t i c s .  Semi -quan t i t a t ive  r e s u l t s  can b e  obtained,  
p rov id ing  reasonable  guide  l i n e s  for sca l e -up  work. 

x+ 
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TABLE I 

f V o l a t i l i  t i o n  a t  1742'F (950°C),  Dry Bas i s  

ASTM Percentage 
Procedure Hot Stage  I n c r e a s e  

40.7 48 17 

37.7 49 30 

Kopperston No. 22 31.6 36 1 4  

Colver' 2 5 . 3  19 neg. -25 

Or ien t  No. 3' 44 41 neg.  -7 

'Kemmerer Coal Company, F r o n t i e r ,  Wyoming 

'Eastern Assoc ia ted  Coal Corp., P i t t s b u r g h ,  P a .  

'Freeman Coal  Mining Corp., Chicago, I l l i n o i s  

. .  
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Figure  1 

Microsample S t r i p  Furnace w i t h  Microscope 
Note glass envelope cove r j  ng t h e  e l e c t r o d e  p o s t s .  
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FIGURE 4 

Wclgh t  LoJs of F e d e r a l  Coa l  o n  I 1 0 1  Sa=  

P o ~ n t s  a r e  
a v e r a g e  of 
t e s t = ,  ( n u m b e r  
i n d i c a t e s  how 
m a n y  t e s t s  
w r r c  m a d e ) .  

/’ 



i 

115. - - 

COAL T E M P E R A T U R E  

F I G U R E  6 

Wei$ht Loss 01 Colvcr Coal On Hot Stace 

F I G U R E  7 . -.. 
W r l g h l  1.0.. 01 or,<.,,, KO. 3 cull1 011 l l Y l  stilge 

. .  
, . .  

. .  
.. . . . .. . . . . . 

'\ . , ' ,  

..-:. *_ . .. 

., r: . . .  . . . . .  



116 

4 

/’ 



117 

I 

, 

Figure  9 

E l k o l  c o a l  a f t e r  m i l d  o x i d a t i o n .  Ash 
is uniformly d i s t r i b u t e d  throughout  
p a r t i c l e .  
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Reactions o f  Coal i n  a Plasma Je t  

R. D. Graves, W .  Kawa, and P.  S .  Lewis 

U.S. Bureau of Mines, 4800 Forbes Avenue 
P i t t sbu rgh  13, Pennsylvania 

INTRODUCTION 

The Bureau of  Mines has  made an explora tory  s tudy  of t h e  r eac t ion  of coa l  
i n  a plasma j e t  i n  which plasma temperatures up t o  about 15,000° C can be a t -  
t a ined .  The ob jec t ive  w a s  t o  obta in  new knowledge of coal chemistry which may 
l ead  to  new methods of producing chemicals from coa l .  Plasma c o n s i s t s  of more 
o r  less ionized gases  o r  vapors ,  and is present  i n  any e l e c t r i c a l  discharge.  
Temperatures generated i n  e l e c t r i c a l  d i scharges  a r e  h igh  enough f o r  molecular 
bonds t o  b e  broken and f o r  the  r e s u l t a n t  atoms t o  d i s s o c i a t e  i n t o  ions  and e l ec -  
t r o n s .  The complex mixture  of  i ons ,  e l e c t r o n s ,  n e u t r a l  atoms, and exc i ted  mole- 
cu le s  produced is  c a l l e d  a p la sma  and i s  r e fe r r ed  t o  as the  fou r th  s ta te  of 
matter.  It conducts e l e c t r i c i t y ,  i s  a good hea t  conductor, and i s  luminous. 
The h ighly  exc i ted  spec ie s  t h a t  e x i s t  i n  plasmas can r e a c t  t o  produce compounds 
whose formation i s  thermodynamically unfavorable a t  conventional condi t ions .  

A plasma j e t  i s  formed when plasma generated from a f l u i d  flowing through 
an  e l e c t r i c a l  arc confined wi th in  a chamber i s  made t o  flow out of t he  chamber 
through a nozzle o r  o r i f i c e .  
years  t o  study high-temperature chemical syntheses .  
a consumable g r a p h i t e  anode, produced ace ty l ene  by r eac t ing  the  g raph i t e  w i t h  
hydrogen i n  an argon-hydrogen plasma. About 34 percent  of t he  carbon consumed 
w a s  converted t o  ace ty lene .  Adding g raph i t e  i n  powdered form did  n o t  increase  
t h e  y i e l d  of ace ty lene .  These same inves t iga to r s  a l s o  reac ted  methane in  argon 
plasmas and converted 80 percent  of t h e  carbon in  the  methane t o  ace ty lene .  
Acetylene synthes is  has  a l s o  been repor ted  by Freeman and S k r i v a d f  , who reacted 
methane i n  argon and argon-hydrogen plasmas, and by Baddour and Iwasy@/, who r e -  
ac ted  hydrogen with carbon vapor obtained from a consumable g raph i t e  e l ec t rode .  

Various plasma jet devices  have been used i n  r ecen t  
Leutner and Stokes&/, using 

The plasma-jet  device  used i n  the  present  study was a commercial plasma gun 
designed f o r  spray-coating app l i ca t ions .  
A bituminous (hvab) coa l  u s ing  argon a s  the  working gas and a l s o  a s  a c a r r i e r  gas 
i n  which coa l  w a s  e n t r a i n e d  and fed  i n t o  the  plasma gun. The e f f e c t s  of coal 

Experiments were made w i t h  h igh -vo la t i l e  

rate, c o a l  p a r t i c l e  s i z e ,  and plasma temperature on y i e l d s  and product composi- 
t i o n  w e r e  determined. 

,, 

EWERIMEWAL PROCEDURE 

Apparatus 

The plasma-jet  u n i t  c o n s i s t s  of a plasma gun, product recovery system, coa l  
f eede r ,  power supply,  cool ing water f a c i l i t i e s ,  and a con t ro l  console.  Direct 
c u r r e n t  used to  ope ra t e  the plasma gun i s  suppl ied  by two 3-phase a l t e r n a t i n g  
c u r r e n t  transformers and selenium r e c t i f i e r s .  This system i s  r a t e d  a t  28 kw and p 

/ 
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is capable of de l iver ing  700 amp a t  40 v o l t s  o r  350 amp a t  80 v o l t s .  
conta ins  a high-frequency o s c i l l a t o r  used t o  s t a r t  an a r c .  The e l e c t r i c a l  po- 
t e n t i a l  required t o  s u s t a i n  an argon plasma w a s  about 20 v o l t s .  

It a l s o  

The plasma gun, shown schematical ly  i n  f i g u r e  1, has a 3116-inch thor ia ted  
tungsten cathode and a l14-inch i d  c y l i n d r i c a l  water-cooled copper anode. 
working gas e n t e r s  t h e  gun r a d i a l l y  near  t h e  cathode and flows downward i n t o  the  
anode. The gas is  converted t o  a plasma a s  i t  flows through t h e  e l e c t r i c a l  d i s -  
charge between e l e c t r o d e s .  Coal en t ra ined  i n  the c a r r i e r  gas e n t e r s  the  plasma 
through an i n l e t  in the s i d e  of the anode. The r e a c t i o n  mixture  leaves t h e  bottom 
of t h e  anode as a luminous j e t  and flows down through the  r a t e r - j a c k e t e d  cooler  
which c o n s i s t s  of a 3-inch copper tube about 12 inches long.  
of c o a l  i n  t h e  plasma is l e s s  than a mil l isecond.  Reaction products leave the  
cooler  a t  s e v e r a l  hundred degrees C and e n t e r  the s o l i d s  r e c e i v e r  v i a  a d i p  tube.  
The r e c e i v e r  is 6 inches i n  diameter and 12 inches long and contains  about 3 i n -  
ches of water .  Most of the  s o l i d s  c o l l e c t  i n  the bottom of the  r e c e i v e r ,  while 
the  gases  and f i n e r  s o l i d  p a r t i c l e s  a t  near  room temperature bubble up through 
the  water  and a tubular  b a f f l e .  Gases flow through a c l o t h  f i l t e r ,  which c o l l e c t s  
a d d i t i o n a l  f i n e s ,  and a r e  sampled, metered, and vented.. 

Operat ing Procedure 

The 

The residence t i m e  

The system is assembled, purged wi th  argon, and pressure  t e s t e d .  Flows of 
cool ing water and working gas a r e  e s t a b l i s h e d ,  and then t h e  e l e c t r i c a l  discharge 
between e lec t rodes  is s t a r t e d .  The flow of c a r r i e r  gas is e s t a b l i s h e d ,  and the 
c o a l  feeder  i s  star ted.  Coal is fed i n t o  the  plasma gun f o r  10 minutes unless  a 
coa l  feed stoppage o r  o t h e r  system f a i l u r e  causes a premature terminat ion of an 
experiment. I n i t i a l l y ,  the system is a t  a pressure  of about 3 t o  4 p s i g  but 
gradual ly  increases  s e v e r a l  p s i  a s  s o l i d s  accumulate on the  f i l t e r .  
of cool ing water e n t e r i n g  and leaving t h e  plasma gun a r e  measured. 
a r e  sampled af te r .  s teady state condi t ions are reached. 
experiment,  s o l i d  products a r e  washed from t h e  cool ing system, r e c e i v e r ,  f i l t e r ,  
t r a p ,  and interconnect ing l i n e s  wi th  water .  The washings a r e  combined, and then 
t h e  s o l i d s  a r e  f i l t e r e d  and dr ied  i n  a i r  a t  70° C f o r  20 hours .  

Temperatures 
Product gases  

A t  the  conclusion of an 

Calcula t ions  

T o t a l  power input  is determined from e l e c t r i c a l  cur ren t  and vol tage  measure- 
ments a t  the gun, whereas n e t  power input  t o  the  plasma is  ca lcu la ted  as the d i f -  
fe rence  between t o t a l  power input  and the  power l o s s  t o  t h e  cool ing water .  The 
enthaSpy of the  primary gas and the average plasma temperature are determined from 
the  n e t  power input  i n t o  t h e  plasma, the  working gas flow r a t e s ,  and a p l o t  of 
s p e c i f i c  enthalpy as a func t ion  of temperature.  
energy loss other  than t h a t  t o  t h e  cool ing water.  

, 

This c a l c u l a t i o n  assumes no 

Yields  of s o l i d s  are determined from weighings of c o a l  fed and s o l i d s  r e -  
Y i e l d s  of  gaseous products  a r e  c a l c u l a t e d  from analyses  of product gas 

This  c a l c u l a t i o n  assumes constant  c o a l  
covered. 
and the known c o a l  and argon feed r a t e s .  
feed r a t e  and s teady s t a t e  condi t ions  a t  the t i m e  the  gases  were sampled.  

RESULTS AND DISCUSSION 

Reactions of 70 x 100 Mesh Coal 

Experiments w i t h  70 x 100 mesh coal ( U . S .  s ieve)  w e r e  made us ing  feed r a t e s  
Argon r a t e s  were cons tan t  a t  1 . 1 7  scfm as of about 3 . 1  and 1.1 pounds per  hour.  

the primary gas and 0.26 scfm as the  carrier gas .  
r a t e  was' var ied  t o  g ive  average plasma temperatures ranging from 3,40O0 to 7,700' C 

The power input  a t  each coa l  
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Figure 1.- Schemat ic  d iagram of the plasma generator 
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a t  about 3.1 pounds per  hour and from 3,900' t o  8,600' C a t  about 1.1 pounds p e r  
hour.  
ane,  acetylene,  d iace ty lene ,  and carbon monoxide. 

Reaction products were a s o l i d  res idue  and a gas  conta in ing  hydrogen, meth- 

Operating condi t ions ,  y i e l d  d a t a ,  and analyses  o f  the coa l  feed and res idues  
produced a r e  shown i n  t a b l e  1. 
and ash-free (maf) coa l .  
power input ( o r  average plasma temperature) had only a s l i g h t  e f f e c t  on t h e  e x t e n t  
of coa l  decomposition. 
3,400' C t o  89 percent  a t  7,700' C .  
almost l i n e a r l y  from 0.4 to  1.1 percent  and from 2.6 t o  4.5 percent  respec t ive ly .  
The y i e l d  of methane was cons tan t  a t  about 0.2 percent ,  while t h e  y i e l d s  of  d i a -  
ce ty lene  showed no s i g n i f i c a n t  t rend .  With a c o a l  r a t e  of about 1.1 pounds per 
hour ,  the e f f e c t  of increas ing  the  plasma temperature on y i e l d s  w a s  s i m i l a r .  
of  res idue decreased while  y i e l d s  of hydrogen increased from 0.4 t o  1 . 7  percent ,  
y i e l d s  of acetylene increased from 2 . 2  t o  6 .0  percent ,  and y i e l d s  of diacetylene 
increased from 0.1 t o  0.6 percent  wi th  increas ing  temperature.  
ane produced was again cons tan t  a t  about 0.2 percent .  A t  both c o a l  r a t e s ,  y i e l d s  
of carbon monoxide increased wi th  increas ing  temperature.  

Yields  a r e  expressed a s  weight-percent of  moisture- 
A t  a coa l  r a t e  of 3.1 pounds per hour,  increas ing  the  

Yields  of s o l i d  res idue  decreased from 92.2 percent  a t  
Yields of hydrogen and ace ty lene  increased 

Yields  

The amount of meth- 

The e f f e c t  of decreasing the c o a l  feed rate from 3.1 t o  1.1 pounds p e r  hour 
can be seen by comparing the r e s u l t s  from experiment 9 with  experiment 18 and 
experiment 10 with experiment 14. Estimated plasma temperatures i n  each p a i r  of 
experiments were comparable. A t  the  lower coa l  r a t e ,  higher  c o a l  hea t ing  r a t e s ,  
higher  average coa l  temperatures ,  and, hence, more ex tens ive  c o a l  decomposition 
would b e  expected because t h e r e  was more hea t  a v a i l a b l e  per  u n i t  weight o f  coal .  
However, there  was no s i g n i f i c a n t  e f f e c t  of c o a l  r a t e  on y i e l d s  of gaseous pro- 
duc ts  i n  these experiments.  Although the y i e l d s  of s o l i d  res idue  were about 5 per -  
cen t  lower a t  the  lower c o a l  r a t e ,  t h i s  i s  not n e c e s s a r i l y  an i n d i c a t i o n  of more 
c o a l  decomposition. Carbon recover ies  were a l s o  lower by about the same amount, 
and i t  i s  poss ib le  t h a t  l o s s e s  of  s o l i d  products were higher  a t  t h e  lower coa l  r a t e .  

Analyses of the s o l i d  res idues  showed t h a t  ex tens ive  thermal decomposition did 
n o t  occur i n  any of the  experiments because the coa l  was n o t  heated s u f f i c i e n t l y .  
U l t i m a t e  analyses  of t h e  c o a l  and res idues  d i d  n o t  d i f f e r  apprec iab ly ,  and the 
res idues  contained only 3 t o  6 percent  l e s s  v o l a t i l e  mat te r .  It i s  poss ib le  t h a t  
most of the c o a l  p a r t i c l e s ,  because of poor mixing, remained i n  the  periphery of the 
plasma where temperatures a r e  much lower than along the  a x i s .  

The d is tance  between t h e  coa l  e n t r y  p o r t  of the anode and the  discharge p o r t  
i s  114 inch. This may be considered as  t h e  coal-plasma mixing zone. To improve 
the  mixing of coa l  and plasma, an anode w a s  modified t o  g ive  a th reefo ld  increase  
i n  the  length of the mixing zone. Experiments were then performed a t  condi t ions 
s i m i l a r  to  those i n  experiments 14, 16, and 18 (1.1 pounds of c o a l  per  hour).  HOW- 
ever, as y i e l d s  and u l t i m a t e  compositions of t h e  res idues  produced i n  the  two sets 
of  experiments were s i m i l a r  a t  comparable condi t ions ,  t h i s  change w a s  i n e f f e c t i v e .  
Assuming t h a t  better mixing w a s  achieved wi th  the  extended nozzle ,  i t  appeared t h a t  
hea t  t r a n s f e r  rate r a t h e r  than the  degree of mixing l imi ted  t h e  temperature rise 
and ex ten t  of coa l  decomposition. 

Reaction of -325 Mesh Coal 

To reach higher c o a l  temperatures,  the  p a r t i c l e  s i z e  of the  c o a l  feed was de- 
creased t o  -325 mesh. Experiments were made wi th  power input  as a v a r i a b l e ,  and 
average plasma temperatures of 4,800°, 7,300', and 8,800' C were obtained.  Argon 
r a t e s  were constant  a t  1.17 scfm a s  working gas and 0.26 scfm as c a r r i e r  gas.  
Average coal  r a t e s  were 1.03, 0.84, and 0.74 pounds per  hour although intended t o  
be 1.0 pound per  hour.  Product d i s t r i b u t i o n s  and the  analyses  of t h e  coa l  feed and 
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TABLE 1.- Reactions o f  70 x 100 mesh hvab coa l  i n  argon plasmas 
E f f e c t s  of power input  and coa l  feed 

rate on y i e l d s  and r e s idue  compositions 
(1.17 scfm argon as primary gas,  0.26 scfm argon a s  c a r r i e r  gas) 

Experiment number 
Average coa l  r a t e ,  l b / h r  
Average plasma temp., C 
T o t a l  power input ,  kw 
N e t  power input ,  kw 

Products ,  w t  p c t  maf c o a l  
Sol id  res idue ,  maf 
Hydrogen 
Me thane 
Acetylene 
Diacetylene 
Carbon monoxide 

T o t a l  

Carbon recovery,  p c t  
Hydrogen recovery, p c t  

Analyses, w t  p c t  
Ma te r i a l  Coal 

Moisture 0.8 
Ash 3 -8 

9 10 4 18 14 16 
3 .11  3.06 3.14 1 .20  0.99 1.11 

3,400 6,300 7 , 7 0 0  3,900 6,600 8,600 
3.8 7 . 3  9.4 4 .1 7 . 5  12.6 
1 . 7  3.2 3.9 2 .0 3.3 4.7 

92.2 89.2 89.0 87.7 84.0 7 8 . 3  
0 . 4  0.8 1.1 0 . 4  1.0 1.7 

.2 .2 0 .3  .2  0.1 0 .2  
2.6 3.5 4.5 2.2 4.3 6 .0  
0.3 0.3 - 0.1 0 .4  0 . 6  
4 . 1  5.3 5.6 3.8 5.6 11.0 

99.8 99.3 100.5 94 .4  95.4 97.8 

96.8 96.8 97 .1  91.3 92.3 92.8 
96.4 98.0 105.4 94.2 100.3 104.1 

-_----__-------  Sol id  residue--------------- 
0.8 1.3 0.4 0.1 0.6 0 .6  
4 .4  5.4 5.1 4 .7  4.2 4.6 

U l t i m a t e  composition, maf b a s i s  
H 5.6 5.2 5 . 1  5.0 5 . 3  5.2 4 .6  
C 84.3 83.3 87.5 87.0 8 3 . 4  87.4 86.0 
N 1 .7  1.7 1.6 1.5 1 . 6  1.6 1.5 
S 0 . 9  0.9 0.9 1 .o 0 . 8  0.8 0 . 9  
0 (by d i f fe rence)  7 . 5  8.9 4.9 5.5 8 . 9  5.0 7.0 

V o l a t i l e  matter, 
rnaf b a s i s  37.6 34.8 31.2 32.6 34.4 33.9 3 1 . 1  
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s o l i d  r e s idues  produced a r e  shown i n  t a b l e  2. As power input  w a s  increased, 
y i e l d s  of s o l i d  res idue  decreased from about 7 4  t o  45 percent  and y i e l d s  of 
hydrogen and ace ty lene  increased .  N o  t rends  were observed i n  the  y i e l d s  of 
methane and carbon monoxide. Trace q u a n t i t i e s  of d iace ty lene  were formed i n  
each experiment. 

There was considerably more decomposition i n  a l l  experiments wi th  -325 mesh 
coa l  than i n  experiments w i th  7 0  x 100 mesh coa l .  
reached higher temperatures.  
-325 mesh coa l  w e r e  much lower, and y i e l d s  of gaseous products were much h igher .  
In experiments w i th  7 0  x 100 mesh coa l  i n  argon plasmas, t h e  h ighes t  y i e ld  of 
ace ty lene  obtained was 6 percent.  
ment contained 31 weight-percent v o l a t i l e  mat te r  on a maf b a s i s .  As shown i n  
t a b l e  2 ,  ace ty lene  y i e l d s  obtained from -325 mesh coa l  were about 10, 12, and 
15 percen t ,  and t h e  r e s idues  contained about 17, 10, and 12 percent  v o l a t i l e  
mat te r .  
on t he  ex ten t  of coa l  decomposition. However, the  -325 mesh coa l  was s t i l l  no t  
completely d e v o l a t i l i z e d  although i t  i s  estimated t h a t  coa l  temperatures of about 
2,900° to  6,300° C would have been reached i f  thermal equi l ibr ium had been a t t a i n e d .  
Complete d e v o l a t i l i z a t i o n  would be expected a t  a temperature somewhat above l , O O O o  C .  

The -325 mesh coa l  ev iden t ly  
V o l a t i l e  ma t t e r  conten ts  of t h e  res idues  from 

The s o l i d  res idue  produced from this exper i -  

These r e s u l t s  c l e a r l y  show t h a t  p a r t i c l e  s i z e  had a pronounced e f f e c t  

Tota l  y i e l d s  and carbon and ash recover ies  were low i n  experiments 40 and 41 
( t a b l e  2), poss ib ly  because o f  Losses of extremely f i n e  s o l i d  res idue  t h a t  f i l -  
t e r ed  through the  recovery system. In a l l  th ree  experiments,  t he  recover ies  of  
hydrogen and oxygen were h igh ,  and i n  experiments 38 and 40, t h e  y i e l d s  of carbon 
monoxide obtained would not be poss ib l e  even i f  a l l  t he  oxygen i n  the  coa l  had 
been converted t o  carbon monoxide. It i s  l i k e l y  t h a t  some leakage of cooling water 
i n t o  the  plasma had occurred. The r eac t ion  of t h i s  water w i th  c o a l  o r  coal decom- 
pos i t i on  products would account f o r  t h e  h igh  hydrogen r ecove r i e s  and t h e  h igh  y i e l d s  
of carbon monoxide. 

CONCLUSIONS 

Acetylene w a s  the p r i n c i p a l  hydrocarbon gas produced when hvab c o a l  was i n -  
j ec t ed  i n t o  argon plasmas and was obtained i n  y i e l d s  a s  h igh  as 15 weight-percent 
of maf c o a l .  However, the  coa l  was no t  heated t o  temperatures high enough f o r  
complete d e v o l a t i l i z a t i o n  t o  occur.  To ob ta in  higher coa l  temperature and y i e l d s  
of gaseous products ,  changes i n  plasma genera tor  design and/or opera t ing  techniques 
t h a t  w i l l  r e s u l t  i n  more e f f i c i e n t  u t i l i z a t i o n  of t he  hea t  a v a i l a b l e  i n  plasmas 
w i l l  be requi red .  

1. 

2. 
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TABLE 2.-  Reactions of -325 mesh hvab coal% argon plasmas 
E f f e c t  of power input  on y i e l d s  and res idue  compositions 

(1 .17  scfm argon a s  working gas ,  0.26 scfm argon as c a r r i e r  gas) 

Experiment number 
Average c o a l  r a t e ,  l b / h r  
Average plasma temp., C 
T o t a l  power inpu t ,  kw 
N e t  power input ,  kw 

Products, w t  p c t  maf coa l  
Sol id  r e s idue ,  maf 
Hydrogen 
Methane 
Acetylene 
Diacetylene 
Carbon monoxide 
Carbon dioxide 

T o t a l  

Carbon recovery, pc t  
Hydrogen recovery,  p c t  

Analyses, w t  pc t  
Materia 1 

Mo is tur e 
Ash 

Ultimate composition, maf bas i s  
H 
C 
N 
S 
0 (by d i f f e rence )  

V o l a t i l e  mat te r ,  
ma€ b a s i s  

38 . 4 1  40 
1.03 0.84 0.74 

4,800 7,300 8,800 
4.8 7.5 10.2 
2.4 3.7 4 . 9  

73.6 62.9 45.3 
2.4 3.0 3.9 
2.7 0.5 0.6 
9.5 12.3 15.4 

t r a c e  t r a c e  t r a c e  
18.1 11.4 24.3 
1 .4  0.0 0.0 

107.7 90.1 89.5 

103.2 89.4 80.9 
126.6 115.8 130.5 

Coal - - - -  So l i d  residue----  
1.1 0.7 0.5 0 .6  
8 .3  1 1 . 2  11.4 11.9 

4.9 3.2 2.5 2.5 
81.9 89.2 90.0 90.9 

1 .5  1 .5  1.1 1.0 
1.5 1.1 1.1 1.1 

10.2 5.0 5.3 4.5 

37.2 17.4 10.2 . 12.3 

,/ 
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Presented Before the Division of Fuel  Chemistry 
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Evaluation of the Moisture Content of a Coking Coal 
for  the Heat Consumption During Carbonization 

. .  

by D r .  r e r .na t .  K.G.  Beck, 

and Dr.Ing. W .  Weskamp 
D r .  r e r - n a t .  R: Beckmann 

of Steinkohlenbergbauverein, 
Essen ,  Germany 

On an invitation by the American Institute of Mining, Metallurgicall and 
Petroleum Engineers three yea r s  ago, we had the opportunity to  present  to the 
Blast  Furnace,  Coke Oven, and Raw Mater ia ls  Conference in Philadelphia a 
report  on carbonization tes t s ,  which specifically dealt with the m o r e  essent ia l  
coke character is t ics  and how they a r e  affected by carbonization conditions'). 
The resul ts  of these tes t s  had been obtained in a semi-industrial  scale  coke y e n  
with a charging volume of 11. 1 cu. f t . .  
both in Europe and the USA for the determination of coke characterist ics ') .  HOW- 

ever ,  i t  i s  not possible to  c a r r y  out thermo-technological investigations with such 
ovens, because the considerable surface and waste gas losses  prevent a n  exact 
evaluation of the underfiring heat, which can be related to pract ical  operation. 
Such thermo-technological investigations, however, a r e  of par t icular  significance 
for the West-German coke oven plants, since the expenses fo r  underfiring consti- 
tute by far the la rges t  factor  of all costs which can be influenced by the mode of 
operation. Steinkohlenbergbauverein, thus, decided to  build a t e s t  plant to be 
erected on a large coke oven plant in commercial  operation. 
s is ts  of an oven block with five industrial-scale semi-divided flow controlled cqke 
ovens of underjet design. A bricked-up bulkhead of 59.1 in. width connects the 
tes t  ovens (Fig.  1) with the adjoining oven group. 
but t ress  of the usual type, with bricked cooling duct and concrete end. The di-  
mensions of the ovens in cold condition and the hot dimensions determined &ring 
operation a r e  shown in the following table (Fig.  2 ) .  
oven walls uniformly, "quantometers" and needle valves have been incorporated in 
each se t  of heating flues on the coke and r a m  side. 
central  oven can be measured  individually. 
system proved necessary,  because a comparison of the heat consumption ascer ta ined 

Such tes t  ovens a r e  used with good syccess  

The tes t  plant con- 

On the other side there  i s  a 

In o rde r  to be able to  he,at all 

The heat for  underfiring the 
This separate  gas  feeder  and measuring 

') Size Distribution, Strength and Reactivity of Coke and how they a r e  affected 
by the Coking P rocess  
H. Echterhoff,  K.G.  Beck and W. Pe te r s ,  1961 

Doherty, J . D . ,  R . J .  Hodder, L . N .  Anthony 
Some Effects of Moisture in Coking Coal, 
Blast  Furnace and Steel Plant 1962, pages 3/16 

h 
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f rom the five tes t  ovens with the heat consumption of newly constructed la rger  
oven groups revealed great  differences.  This i s  in agreement  with the results 
obtained by the Brit ish Coke Research  Association a t  their  tes t  plant at Wingerworth. 
F r o m  the repor t  by D.A. Hall, W . J .  Pa t e r ,  and F . K .  Warford3) on “The effect 
of drying coal charge and f i l ter  cake on coke oven performance and the yield and 
propert ies  of the products“ i t  can be seen that even an industr ia l -scale  coke oven 
of 10 t capacity, which i s  operated separately f rom a coke oven battery,  has a 
thermal  efficiency of only 5070, a s  compared with the usual 70-800/0 efficiency of 
coke ovens a r ranged  in ba t te r ies .  

The coke i s  classified in  a special  screening plant (Fig.  3) and tested for its 
A condensation plant (F ig .  4) se rves  to determine the amount and com- strength.  

position of the raw gas .  This plant is designed in such a way that both the gas  
evolved f rom the five ovens, and the yield of by-products can be followed over 
the carbonization t ime of one oven. 
in a control station to  monitor  the operation. 

A l l  measured data a r e  centrally regis tered 

F r o m  among the var ious se r i a l  t es t s  s o  far  car r ied  out to  ascer ta in  the effects 
of heating flue temperature  and moisture  in the coking coal, the influence of the 
mois ture  content of the coal  on high-temperature carbonization will be illustrated 
in the following. 

Similarly to the method adopted by Br isse  and Price4) ,  who used a wooden 
chamber,  the distribution of the bulk densit ies a s  dependent on the moisture content 
of the coal was investigated in  a tes t  chamber of s teel ,  p r io r  to the commencement 
of carbonization tes t s  ( F i g .  5 ) .  
th ree  different levels.  The coal used had a volatile content of 25. 370 (free of water 
and ash) ,  a s ize  consists of 7270 under 0 . 0 8  in. and 34% under 0 . 0 2  in . ,  its a sh  
content was 7.  1% (free of water) .  
a t  moisture  contents of 1070, 870, and 6% at the three measuring levels.  Due to 
the effect of dropping, the bulk density below the charging holes i s  always sub- 
stantially above the bulk density between the charging holes.  
difference i s  reduced with the height of dropping. 

Altogether 37 sampling points were  arranged at 

Fig.  6 shows the distribution of bulk densities 

Naturally, this 
In the upper section of the 

3)Hal l ,  D . A . ,  W.J.  Pa t e r ,  F . K .  Warford 
Journal  of the Inst .  of Fue l  (1963), pages 3/11 

4, Brisse ,  A . H . ,  J.C. P r i c e  
Explorations in coke making r e sea rch  with a full scale  coke oven model 
Blast  Furnace and Steel P lan t  1959, pages 1285/90 
Hock, H . ,  M. Paschke 
Archiv Eisenhutten 3 (1929), pages 99/102 

Koppers, H . ,  A .  Jenkner  
Glbckauf 66 (1930), pages 834/38 

Eisenberg,  G.A. ,  
Gliickauf 68 (1932), pages 445/6 

Ejdelman, A .B . ,  F. Z .  Elenkij ,  
Coke and Chemistry (USSR) 196 

G. D. Butuzov 
, pages 3/6 

/’ 
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chamber there  i s  a l so  a more  uniform distribution due to levelling. 
Fig.  7 shows the distribution of bulk densit ies under charging hole 1 and between 
charging holes 1 and 2 .  The hatched a r e a  i s  a measure  of the inequality of the bulk 
densit ies.  
moisture  content in such a way that the same carbonization ra te  is attained through- 
out the chamber .  The resul ts  show how important i t  i s  for  coke oven plants to lower 
the moisture  content of the coking coal and, thus,  to bring about an  equalization of 
the bulk densit ies in the oven chamber in o rde r  to warran t  a uniform carbonization 
of the chamber  contents resulting in coke of homogeneous s t ruc ture  and strength.  

The following 

I t  i l lust rates  the difficulty of heating an  oven chamber with coal of high 

After charging, the bulk density of the coke does not a t  a l l  remain constant, 
but i t  changes during carbonization, 
shrinking. I t  i s  caused by an  
intr insic  oiling effect inherent with coal. During the distillation, pa r t  of the g a s  
evolves through uncarbonized coal.  This gas,  le t  us call  i t  in ternal  gas ,  c a r r i e s  
with i t  about 122 gr . /cu . f t .  compounds f rom the plastic zone which a r e  solid o r  
liquid under normal  conditions. 
the surface of the coals.  
which i s  created by the gases  and vapours passing through the coal.  

Immediately af ter  charging the coal, i t  s t a r t s  
This shrinking phenomenon continues for  2 hours .  

They a r e  partially precipitated a s  an oily film on 
To initiate the f i r s t  shrinkage it only requi res  a stimulus 

The second shrinkage does not begin until a f te r  the formation of the f i r s t  semi-  
coke. 
subsidence of the coke, caused by cracks .  

I t  should be due to the relaxation of tensions in the s t ruc ture  of the coke, and 

F i g .  8 shows the duplication of the shrinkage effect between 10 and 6% moisture;  
i t s  reduction a t  4% to a value lower than a t  1070, and the almost  complete disappearance 
of shrinkage a t  2% moisture  content. 
shrinkage, i t  tu rns  out to be the same between 10% and 4% mois ture  content. 
the f i r s t  shrinkage i s  effective until the same bulk density (wf) i s  reached. In the 
case of coals with swelling propert ies  a reduction in the moisture  content will not 
have any influence on the mode of operating the ovens.  
bulk density (wf) of the coal i s  so  high that the coal grains  cannot, of their  own weight, 
become more  compacted. 
enough to regain the initial coal volume. The coal s t ruck to  the wall, and pushing 
the coke was difficult. 

If the bulk density is calculated af ter  the initial 
Thus, 

At 2% moisture  content, the 

The second shrinkage of the coal tes ted was not large 

There  a r e  generally two possibilities of investigating the effect  of the moisture 
Ei ther  the heating flue temperature  i s  kept content of the coal on heat consumption. 

constant for  all tes t s  and the influence of differences in the moisture  content is balanced 
by modifying the carbonization t ime,  or the tes t s  a r e  made at equal carbonization 
t imes,  while a change in the heating flue temperature  will compensate for  differences 
in the moisture  content. 

The first mode of operation was chosen for  our  investigations, i. e .  a t  a heating 
flue temperature  of 2 2 8 0 ° F .  the carbonization t ime according to  the respective 
moisture  content of the coal was determined in prel iminary tes t s .  The ser ia l  t e s t s  
comprised 6 t e s t s  in which the water content of the coal was changed in steps of 2% 
between 2 and 12%. A new tes t  with modified moisture  content was not commenced 
until the bat tery was surely a t  an equilibrium. 
moisture  content, was a t  l eas t  5 t imes 24 hours .  

The duration of the test ,  a t  each 



128 

The coking coal, in a thermal  d r i e r ,  was adjusted to  the desired moisture  
content. 
coal were  determined in the 1 a r r y . c a r .  

N o  la rger  deviations than 0.1% f rom the desired moisture content of the 

Fig.  9 i l lustrates the bulk densit ies,  carbonization t imes and throughputs in 
The bulk density (moist)  has a minimum their  dependency of the mois ture  content. 

a t  4 to  6% moisture  content of the coal. 
density (wf) is shifted towards the higher moisture  content. 
carbonization time has about the same tendency as the curve of the bulk density 
(moist) .  
carbonization conditions owing to the influence of the moisture content of the coal. 
In this  case,  it is particularly the grea t  dependency of the heat conductivity on the 
water  content which makes itself felt.  The dependency of bulk density and carboni- 
zation t ime on the moisture  content of the coal a r e  a lso reflected in the throughput. 
The hatched a r e a  between the curves for  moist  and water-free throughput i s  a 
measu re  for  the amount of water  which must  be processed as  a ballast during 
carbonization. 
of 18% will result, when the moisture  content of the coal i s  reduced f r o m  1 2  to  2%. 

This minimum, in the curve of the bulk 
The curve of the 

The negligible differences can be accounted for by modifications in the 

Referred to the coke yielded wf/wf an increase in the throughput 

In discussions about the heat consumption for  carbonization, a s  dependent on 
the moisture  content of the coal, the question is always raised how much energy is 
required for  expelling the mois ture  of the coal in the oven and if under certain circum 
stances i t  m a y  be more economical to reduce the moisture content of the coal in a 
special  drying process5).  
with the coal described above have been i l lustrated in Fig.  10.  They change from 
8 3 2  Btu/lb. at  2% moisture content of the coal (moist)  by 70  Btu/lb. to 902 Btu/lb. 
a t  12% mois ture  content of the coal (moist) .  
the differences in the heat consumption figures a r e  by no means equal fo r  each 2% 
change in the moisture content. 
larger than at  lower ones,  although the changes in the amounts of moisture and coal 
a t  0 . 0 2  lb. a r e  the s a m e .  

The heat consumption figures measured in our  tes t  ovens 

As  the illustration further reveals,  

At higher moisture  contents they a r e  essentially 

Before following up  the reasons f o r  the non-linearity of the course of the heat 
consumption curve, the calculated heat consumption figures likewise i l lustrated in 
Fig.  10 should be mentioned which resul t  f rom operating the ovens a t  equal carboni- 
zation t ime and at  a heating flue temperature  as modified in correspondence with the 
mois ture  content of the coal. 
taken f rom a n  ear l ier  investigation into the effect of the heating flue temperature  on 
high temperature  carbonizationb). 
f rom coking a coal with 10% mois ture  at a heating flue temperature  of 2280°F. has 

The data necessary  for the re-calculation have been 

The Carbonization' t ime of 20 hours  which results 

/ 
5 ,  Wollenweber, W . ,  Glickauf 57 (1921), pages 987/92 

Koppers, H . ,  Koppers-Mitteilungen 14 (1932), pages 3/8 

Baum, K . ,  Gluckauf 68 (1932), pages 1/8, 40/45 
Litterscheid,  W . ,  Brennstoff-Chemie 13 (1932), pages 386/91 

Hofmeister,  B., GlGckauf 88 (1952), pages 367/70 

6 ,  Weskamp, W., W .  D r e s s l e r ,  E.  Schierholz, GlGckauf 98 (1962), pages 567/77 

A 



12 9 

been taken a s  the basis .  
the moisture content a r e  l a rge r  than they a r e  a t  constant heating flue temperature .  
Table 2 (Fig.  11) compares  the resul ts  of the two modes of operation. 
ducing the moisture  content of the coal f rom 12 to  6% a saving averaging 14 .4  Btu 
i s  attainable fo r  each 1% reduction in the moisture  content a t  constant carbonization 
t ime,  while a n  average of only 9 . 0  Btu could be determined a t  constant heating flue 
temperature .  

The heat consumption differences fo r  any 270 change in 

When r e -  

On the other hand, when operating a t  constant heating flue temperature ,  a 
l a rge r  increase in the throughput of the coke ovens can be achieved by changing 
the carbonization t ime. 

The question about the rea l  heat requirement for  the evaporation of the moisture  

In carrying 
led us to fur ther  investigations and observations regarding the heat economy of a 
coke oven and how it  i s  influenced by differences in the mois ture  content. 
out these fur ther  investigations i t  appeared expedient to  extensively break up the 
individual thermo-technological mechanisms in a coke oven, By means of a section 
through a coke oven (Fig.  12), an  explanation of the individual i t ems  should be given 
initially. 
f o r  carbonization. . I tems Qz and .Q, represent  the total  l o s ses .  I tem Q2 collects the 
waste gas  and surface losses  of the lower pa r t  of the oven up to  the coal line. I tem 
Q3 includes the ,surface losses  above the coal l ine.  The heat amount Q, minus Q2 i s  
largely t ransfer red  to the chamber charge (Qjo). Only a negligible portion, through 
heat . t ransfer ,  flows into the a r e a  above the coal line a. This heat,  depending on 
the temperature  condition prevailing in the g a s  collecting space,  can be t r ans fe r r ed  
to the gas  o r  ' is  lost  a s  surface lo s s .  
Q6 and internal Q, gas,  a substantial amount of heat reaches the gas  collecting space 
and leaves i t  again with the developed mixed g a s  Q5. 

evaporation heat of the water ,  the tar and the light oil a t  32°F.  and the gas  formation 
energy (Gasarbeit)  of the gaseous distillation products at 32°F.  
the coke possesses  the sensible heat ,  i tem Q, . 
during the carbonization have an  overal l  heat inherence which i s  considered under 
I tem QIl. 
underfiring gas  and the combustion a i r .  

The underfiring heat Q1 fed through the heating flue i s  only partially utilized 

During carbonization, together with external 

i s  constituted of the I tem Q 

A t  the t ime of pushing, 
The chemical processes  occurring 

A sensible heat  Q,, i s  brought into the coke oven by the feed coal, the 

During the tes ts ,  all tempera tures  for  the calculation of the sensible heats 
have been measured excepting the temperature  of the external  gas  and internal gas  
when entering into the gas collecting space.  
pyrometers  had to  be designed because it i s  ve ry  important not t o  d is turb  the flow 
conditions prevailing in the measured  range during measurements .  
pyrometer  to measure  the temperature  of the external  gas  was equipped with a 
nar row hood which on the one hand keeps off the radiation of the wall and on the 
other offers a screen against  the internal gas .  
width of.one piece of coke in o rde r  to be independent of the geometry of the coke 
lumps. 
and outside the hood. When the suction i s  too strong, the tempera ture  will drop 
immediately which indicates that gas  f rom other  sources  i s  simultaneously sucked 
in which can only be colder in any case.  

F o r  these measurements  special suction 

The suction . 

The hot must  a t  l eas t  have the 

Suction must  be so  dimensioned that the same velocity will  prevai l  inside 
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A s imi la r  procedure was adopted for  measuring the temperature  of the 
internal  gas .  In a pipe with a diameter  of 3 .94 in. a second pipe with a diameter  
of 1.97 in. i s  inserted to  sc reen  off the heat influx f rom the gas  collecting space. 
The space i n  between the two pipes i s  filled with asbestos  and a gas inlet i s  created 
by a conical shell .  
changed a t  random by using an adjusting screw.  

The distance of the thermocouple f rom the coal surface can be 

Since the internal gas will surely have a temperature  exceeding a 212"F. ,  
the system was heated above 212°F.  t o  avoid condensation of steam. 
1 minute a f te r  the commencement  of measuring,  a temperature  of approximately 
392°F. was reached; 6 to  8 minutes  l a t e r ,  the temperature  continues to ra ise  
fur ther .  By this t ime,  the asbestos ,  heated up by the gas f rom the gas  collecting 
space has attained a tempera ture  higher than 392"F,. and superheats the internal 
gas .  

Approximately 

Fur the r  measurements  revealed that the internal gas  has a temperature  of 
212°F.  immediately a f te r  charging. After one hour, the temperature  has r isen to 
302"F.,  to remain constant at 392°F. f rom the 2nd to the 7th hour of carbonization. 
With these temperatures ,  all var iables  required for  the establishment of a detailed 
heat balance a r e  known. 

At a temperature  .of 59°F.  of the coal input, 1210 Btu/lb. water is required 
fo r  heating up, evaporation and superheating to  392°F. 
fir ing system of 80%, 1510 Btu will be required in t e rms  of underfiring heat pe r  lb. 
moisture .  
heat exchange with the hot ter  external  gas .  

At an efficiency of the under- 

The further heating up of the s team is effected almost  exclusively by 

This value of 1510 Btu/lb. water  now se rves  to  calculate the heat consumption 
for  d r y  coal. 
a constant heating flue tempera ture  of 2280°F. 
lowest and r a i se s  by 12.6 Btu towards coals with 270 and 12% moisture  content. 

This tu rns  out to be approximately 810 Btu/lb. for  the coal used, a t  
At a moisture  content of 6% it i s  

I 

If an attempt i s  made at  calculating the heat consumption a t  a change in the 
moisture  content by 27'0, i t  mus t  be taken into consideration that in case  of moist  
coal a s  used in pract ical  operation, a change in the moisture  content i s  auto- 
matically connected with a modification in the amount of coal, for  the carbonization 
of which additional heat i s  required.  
the reduced moisture  of 0.  02 lb. can be calculated at 30.2 Btu i f  the above two 
pyrometers  a r e  taken into consideration. 
consumption of 16.2 Btu is required for  the additional 0 . 0 2  lb. dry coal. 
the difference of these 2 values  of 30. 2 - 16.2 resul ts  a constant reduction in 
consumption of 14 Btu/lb. f o r  each  2'7'0 reduction in the moisture content. 

The savings in t e r m s  of underfiring heat for  
i 

On the other  hand, an  additional heat 
F rom 

- 
If this calculated value of 14 Btu i s  compared with the measured differences 

in heat consumption i l lustrated in Fig.  10 i t  can be shown that the calculated and 
the measured  differences a g r e e  when reducing the moisture content f rom 8 to 6%. 
Below 670, the measured  difference i s  smaller ,  below 870 la rger  than 14 Btu. Now, , 
what a r e  the reasons fo r  these  deviations f rom the calculated f igures? 
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A quantitative t reatment  of these phenomena would become too complex a t  
this point. 
In a balance in which a l l  i t ems  stated in Fig.  12 have been considered it can be 
shown that the curve of the sensible heat of the total gas  i s  responsible f o r  the 
tendency of the underfiring curve.  
external  and internal gas  and from a portion absorbed by heat exchange f r o m  the 
vault of the gas collecting space.  The curve of the sensible heat of the total gas 
runs through a minimum a t  670 moisture  content of the coal. 
higher, and lower moisture  contents has different reasons .  

Therefore ,  our repor t  wi l l  be confined to an  explanation of the resul ts  

This heat resul ts  f rom the sensible heat of the 

I t s  r i s e  towards 

At 6% moisture  content of the coal the sum of the sensible  heat of the external 
and internal  gases  i s  equal to the sensible heat of the total gas .  
there  flows only such heat a s  i s  lost  a s  a sucface loss .  Since in this range there  
i s  no heat exchange in the vault of the gas  collecting space,  the heat consumption 
difference calculated f rom changes in the amounts of moisture  and coal is equal 
to the measured difference. 

Thus, in the wall, 

At higher moisture  contents, the mean wall t empera ture  in the a r e a  of the 
charge drops,  and with it the sensible heat of the external  gas .  
s team in the internal gas, moreover ,  has  a rising tendency, the temperature  of the 
total gas  decreases .  
collecting space i s  t ransfer red  to the total gas ,  which, through heat conduction in 
the wall i s  t ransfer red  from the a r e a  of the charge into the a r e a  of the gas  collecting 
space and must ,  therefore ,  be fed a s  underfiring heat .  

As the amount of 

By convection and radiation, heat f rom the vault of the gas  

Below 6% mois ture  content of the coal, the reasons for the r i s e  of the sensible 
With the reduction in the moisture  heat  of the total gas  a r e  of different nature .  

content there  i s  an  increase  in the average chamber wall t empera ture  and, thus, 
in the sensible heat of the external gas .  However, since the in te rna l  gas ,  owing 
to the decreasing amount of moisture ,  demands l e s s  heat  for  superheating, a high 
tempera ture  of the total gas  i s  attained. 
the time when the total gas  has  a higher temperature  than the vault of the gas col- 
lecting space, and thus yields heat. The temperature  gradient between the wall in 
the a r e a  of the charge and above the charge i s  now very much smal le r  and hence 
l e s s  heat flows a s  i tem Q4 into the a r e a  of the gas  collecting space.  
determined a s  surface loss  below 670 moisture  content of the coal i s ,  thus, partially 
supplied by external gas .  
and s o  the measured heat consumption difference becomes sma l l e r  than the calculated 
one. 

The lower the mois ture  content the ea r l i e r  

The heat 

This heat need no longer be fed via Q4 through underfiring, 

Le t  us  briefly survey the resul ts  of these investigations: 

The steam evolved from the moisture  of the coal reaches  the gas  collecting 
space at a temperature  of 392°F.  
water  a t  a thermal  efficiency of the coke oven of 80T0. The heat for  fur ther  super-  
heating of the s team i s  supplied by the hotter external  gas .  
a detailed heat balance of the coke oven can be established permitting to cri t ically 
observe the measured heat consumption and to  scrut inize the cor rec tness  of the 
chosen carbonization t ime a t  constant heating flue tempera ture .  
l inear  course of the heat consumption curve has  been interpreted.  

This required 1510 Btu underfiring heat pe r  lb. 

With the aid of this value, 

Besides ,  the non- 
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The economic significance of reducing the moisture  content will be different 

If potential savings by reducing the moisture 
according to the conditions of coke oven operation and can only be seen within the 
total economy of a mining company. 
content of the coal a r e  not r e fe r r ed  to  coal with a coal ready to be charged but to 
a d ry  coal amount of 0 .9  lb.  which corresponds to a coking coal with 10% moisture 
and which constitutes the  figure used in economic calculations by German coke oven 
operators,  savings in the  heat consumption averaging 17 Btu, for each 1% reduction 
in the moisture  content of the coal a r e  revealed in the range of 10 to 6% moisture 
content'which i s  the range of p r imary  technical interest .  Fo r  expelling 1 lb.  moisture,  ', 

i 
1530 Btu o r ,  a t  an efficiency of 70%, an average of 1840 Btu will have to be expended. 
F o r  a modern d r i e r  one likewise calculates with a heat expenditure of 1710 Btu/lb. 
moisture ,  i f  a flotation concentrate i s  for instance dr ied from 22% moisture content 
to 6% moisture  content. The savings in heat consumption a r e  thus absorbed o r  even 
surpassed by the expenses for  previous drying. 
content brings about other  advantages which a r e  apt to exer t  a favourable influence 
on the economy of a coke oven plant. 

\ 

" 

f in the range of 10 to 6% mois ture  content a t  an efficiency of 80%, an  average of 

' '  
However, the reduction of the water 

i The question of .drying can gain vital significance 
i f  the basis  of r a w  mater ia l s  can thus be extended considerably, a s  i t  happed in the 
case of the Lorraine coking plants a f te r  the process  using dr ied coal had been suc- 
cessfully developed a t  the Marienau test  plant and proved in pract ical  operation a t  
the Hagendingen coke oven plant7).  An effect which cannot be underestimated wi l l  
be the influence of a lower mois ture  content of the coal on the life of a battery.  
essent ia l  advantage i s  a possible increase in the throughput which permits  savings 
in the capital service and a reduction in other overheads.  

An 

There  i s  a substantial  difference between the conditions prevailing in USA and 
in Germany which must  be considered in judging the importance of the moisture 
content of the coking coal for the economy of coke oven plant operation. 

In the Federal  Republic of Germany more  than 80% of the total coke outputs 
i s  produced a t  coking plants located in the immediate vicinity of coll ieries supplying 
coking coal. 
i s  no advantage in reducing the moisture  content of a coking coal in a thermal  drying 
unit p r ior  t o  its carbonization. Accordingly, the average moisture content of the 
feed coal used in German coking plants located a t  coll ieries i s  a t  9 to 10%. How- 
ever ,  i f  the coking coal has  to  be transported to the coking plant over  long distances,  
a s  it happens in many cases  in the USA, there  will be freight savings which can be 
significantly higher than the expenditure for thermal  drying8). Thus, i t  i s  under- 
standable that, a s  a rule ,  American coking coals have a lower moisture content. 

Our investigations confirmed that in t e rms  of thermal  economy there 

7,  Loison, R . ,  P. Foch 

8 ,  Doherty, I. D . ,  J .  Griffen 

Revue de l ' industrie minera le  (1961), pages 593/618 

Blast  Furnace,  Coke Oven, and Raw Materials 
Conference, 1960, pages 117/37 
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Devola t i l i za t ion  S tudies  on Coal Vi t r ino ids  
By Use of a Thermobalance 

R. W. Shoenberger and E. F. S t r i c k l e r  

United S t a t e s  S t e e l  Corporation 
Applied Research Laboratory 

Monroev ill-, Pennsylvania 

The petrographic e n t i t i e s ,  which or ig ina te  from the  vegetat ion making up 
coal ,  he lp  t o  e s t a b l i s h  t h e  proper t ies  of coal  t h a t  influence i t s  mining, prepa- 
r a t ion ,  and use.  Consequently, t h e  proper t ies  of these  e n t i t i e s  should be known 
if t h e  p o t e n t i a l  u s e  of petrographic  techniques and of t h e  coal  i t s e l f  i s  t o  be 
made. Various physical  and chemical proper t ies  of coals  have been determined wi th  
s i g n i f i c a n t  contr ibut ions t o  t h e  bas ic  knowledge of coa l  and with p r a c t i c a l  appl i -  
ca t ion  i n  industry,  p a r t i c u l a r l y  in  t h e  carbonizat ion of coal .  To fu r the r  exp lo i t  

p roper t ies .  I n  the  i n i t i a l  phase, t h e  v i t r i n o i d s  of d i f f e ren t  rank coals  were 
chosen for t h i s  study s ince  v i t r i n o i d s  are the  most abundant and eas i e s t  e n t i t y  t o  
obtain from coal .  

t h e s e  e n t i t i e s ,  a study was i n i t i a t e d  t o  determine cheir  pyro ly t ic  and p l a s t i c  #= 

The thermal-decomposition behavior of e n t i t i e s  has been v i s u a l l y  examined 
i n  t h e  hot -s tage  microscope. These observations a r e  mostly qua l i t a t ive .  To obtain 
nore q u a n t i t a t i v e  r e su l t s ,  t h e  authors  used a thermogravimetric balance (thermo- 
balance)  t o  determine t h e  p y r o l y t i c  proper t ies  of t h e  v i t r ino ids .  
which has been used s a t i s f a c t o r i l y  by numerous invest igators , l ,2 ,3 ,4)* was se lec ted  
because it continuously records t h e  weight and temperature o f  t he  sample i n  respec t  
t o  t ime as  the sample is  heated automatical ly .  

The thermobalance, 

When coa l  is heated, it not  only d e v o l a t i l i z e d  but  a lso becomes f l u i d .  
Consequently, the p l a s t i c  p r o p e r t i e s  of coal  have been assoc ia ted  with i t s  pyro ly t ic  
proper t ies .  By using t h e  rate of d e v o l a t i l i z a t i o n  and p l a s t i c  proper t ies ,  
Russel l5)  ,e l a i n e d  th coking pressure  developed by coal  blends.  Van Krevelin,  3 ,  

cepts  of coa l  s t ruc tu re  and t h e  mechanism of carbonization. 
p r o p e r t i e s  of t h e  v i t r i n o i d s  were obtained when possible ,  t o  determine t h e  r e l a t ion -  
sh ips  t h a t  e x i s t  with t h e i r  p y r o l y t i c  proper t ies .  

Berkowitz, I ;ip and Brown8) used t h e  p y r o l y t i c  and p l a s t i c  proper t ies  t o  present  con- 
The r e l a t i v e  p l a s t i c  

This  paper presents  t h e  r e s u l t s  of t h e  thermogravimetric s tudy on v i t r ino ids  
of var ious rank coals and t h e  r e l a t i o n s h i p s  of these  r e s u l t s  t o  t h e  rank and p l a s t i c  
p r o p e r t i e s  of  t h e  v i t r ino ids .  

Materials and Experimental Work 

_--- 

The samples, high i n  v i t r i n o i d s ,  were s e l e c t e d  from coking coals  repre-  
s e n t i n g  d i f f e r e n t  ranks of coa l .  Because v i t r ino ids  can be dis t inguished from t h e  r 

other  coa l  e n t i t i e s  by t h e i r  b r i g h t  l u s t e r  in  banded coals ,  t h e s e  b r i g h t  bands were 
removed wi th  a t a b l e  saw. The samples were then se lec ted  from These specimens with 
a d i s s e c t i n g  needle under a magnifying glass .  These samples, l i s t e d  i n  Table I, 

,, 

* See References ,,/ 

i 
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were then  pulver ized t o  100 percent  minus 60 mesh. The vola t i le -mat te r  content o f  
t h e s e  samples, determined by s tandard procedures (ASTM Tes t  Designation D 271-58), 
a r e  included i n  Table I. 
used a t  t h e  U. S. S t e e l  Corporation's Applied Research Laboratory (ARL)9) a r e  shown 
i n  Table 11. These analyses ind ica te  t h a t  t h e  samples contained high concentrations 
of v i t r i n o i d s .  Only Wellington and Donegan coa l  samples contained less than 90 per-  
cen t  v i t r i no ids ,  bu t  even they  contained more than 83 percent .  The average r e f l e c t -  
ances were also determined on these  samples, Table I. 

The petrographic analyses conducted b y  the  procedures 

The d e v o l a t i l i z a t i o n  measured by t h e  weight loss was determined on a Stanton 
thermogravimetric balance , Model TR-1. This thermobalance continuously records t h e  
temperature and t h e  weight of t h e  samples t h a t  were automatical ly  heated at a rate 
of 6 degress C p e r  minute. The 0.5-gram sample was contained i n  a s i l i c a  c ruc ib le  
supported by a s i l i c a  weighing mechanism at tached t o  t h e  balance and heated by a 
tube furnace.  The balance is sens i t i ve  t o  1 milligram. 

The p l a s t i c  proper t ies  were determined i n  the  Giese le r '  Plastometer by t h e  
The r e s u l t s  of t h e s e  s tandard procedures used i n  ASTM Tes t  Designation D 1812-6m. 

t e s t s  a r e  l i s t e d  in  Table 111. The amount of sample was l i m i t e d  and, therefore ,  
only s i n g l e  tests were made. Furtheirnore, t h e  stirrer broke loose  on some of t h e  
low-rank coals  and no values could be obtained. 

Resul ts  and Discussion 

The da ta  obtained from t h e  thermobalance show the cumulative deight l o s ses  
a t  corresponding temperatures.  
The i n i t i a l  l e v e l  of weight loss r e f l e c t s  t h e  t o t a l  moisture content  and amount of 
occluded gas i n  each sample, t h e  low-rank coals  containing high percentages of 
inherent  moisture.  In all samples t h e  weight loss increased s l i g h t l y  f o r  a shor t  
t ime a f t e r  t he  f i r s t  d e v o l a t i l i z a t i o n ;  t h e  temperature of che i n i t i a l  d e v o l a t i l i z a t i o n  
increased with t h e  rank of v i t r i n o i d s .  Very rap id  d e v o l a t i l i z a t i o n  then occurred 
f o r  a considerable  t ime (about 100 minutes) u n t i l  t h e  w e i g h t  l o s s  gradual ly  decreased. 
Most of t h e  v o l a t i l e  mat ter  w a s  driven o f f  by the time t h e  temperature reached 900 C .  

These "S"-type curves a r e  presented i n  Figure 1. 

To obtain addi t iona l  information, t h e  d i f f e r e n t i a l  pyro lys i s  curves were 
then determined f r o m t h e s e  da ta .  
wi th  respec t  t o  temperature a r e  shom i n  Figure 2. The maximum rates of devola- 
t i l i z a t i o n  f o r  t h e  low-volat i le  coals  a r e  lower than those f o r  The h i g h - v o l a t i l e  
coals .  A summary of t h e  maximum r a t e  of d e v o l a t i l i z a t i o n  and the  temperature of 
t h i s  maximum r a t e  i s  l i s t e d  i n  Table IV. The r e l a t i o n s h i p  between t h e  maximum r a t e  
of d e v o l a t i l i z a t i o n  and v o l a t i l e  matter is  shown i n  Figure 3. This r e l a t i o n s h i p  
appears t o  s u b s t a n t i a t e  published r e s u l t s  which show t h a t  maximum d e v o l a t i l i z a t i o n  
r a t e s  are obtained with coal  containing about 35 percent vo la t i le -mat te r  content .  3 )  
High-rank coals  have much l e s s  v o l a t i l e  matter and, therefore ,  would be expected t o  
have low r a t e s  of maximum d e v o l a t i l i z a t i o n .  However, s ince  t h e  low-rank high- 
v o l a t i l e  coals  decompose a t  t h e  lower temperatures because of t h e i r  a l i p h a t i c  
s t ruc tu re ,  t h e  d e v o l a t i l i z a t i o n  i s  d i s t r i b u t e d  over a longer  initial time o r  temper- 
a t u r e  range; therefore ,  t h e  maximum rate would decrease a f t e r  a c e r t a i n  rank coa l  
was reached. 

The graphs t h a t  show t h e  r a t e  of d e v o l a t i l i z a t i o n  

The r e s u l t s  a l so  ind ica te  t h a t  t h e  temperature of maximum r a t e  of devola- 
t i l i z a t i o n  increased as t h e  rank of t h e  coal  increased. A good c o r r e l a t i o n  i s  shown 
in Figure 4 where average re f lec tance  is used as a rank parameter. A similar cor re-  
l a t i o n  is  shown in Figure 5 where v o l a t i l e  mat ter  i s  used. 

Because p l a s t i c  proper t ies  a r e  r e l a t e d  t o  rank, the  temperature of maximum 
f l u i d i t y  was r e l a t e d  t o  the  temperature of maximum rate of d e v o l a t i l i z a t i o n .  
r e l a t ionsh ip ,  shown i n  Figure 6, indicated a difference of about 50 degrees C between 

This  
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chese va lues .  PU li  hed 7.70rk on whole- coals ind ica tes  Ghat these-values should be 
about t h e  s a m e . 3 ~ ~ , 7 7  However, t h e  d a t a  reported by  van Krevelenj)  show t h a t  t h e  
d i f fe rence  of j degrees pe r  minuce i n  t h e  hea t ing  r a t e  would account f o r  about 20 
degrees i n  t h e  temperature of the maximum r a t e ,  s ince  the  f a s t e r  t he  hea t ing  r a t e  
t he  h igher  t h e  temperature. 

The p l a s t i c  p rope r t i e s  and thermogravimetric analyses ind ica t e  t h a t  t h e  
v i t r i n o i d s  s t a r t  t o  decompose before  t h e y  sof ten .  However, t h e  r ap id  devo la t i l i za t ion  
occurs at Lemperatures h igher  than  the  sof ten ing  poin t  f o r  coal.  In  these  v i t r i n o i d  
samples, t h e  maximum f l u i d i t y  as measured in t h e  Giese le r  Plastometer occurred before 
the  maximum r a t e  of d e v o l a t i l i z a t i o n .  The re l a t ionsh ips  found i n  t h i s  s tudy  ind ica t e  
t h a t  t h e  thermal-decomposition c h a r a c t e r i s t i c s  can be estimated from t h e  rank and 
p l a s t i c  proper t ies  o f  t he  coa l .  

Summary: 

The r e s u l t s  o f  t h i s  s tudy  ind ica ted  t h a t  t h e  v i t r i n o i d s  s t a r t e d  t o  decom- 
pose before  t h e y  became f l u i d .  The i n i t i a l  temperature of devo la t i l i za t ion  increased 
as t h e  rank of t he  sample increased. Rapid devo la t i l i za t ion  then occurred a f t e r  t he  
coa l  sof tened .  From t he  d i f f e r e n t i a l  pyro lys i s  curves, a good co r re l a t ion  was 
obtained between the  temperature of maximum r a t e  of devolac i l i -a t ion  and The rank of 
coa l .  The maximum r a t e  appears t o  be g rea t e s t  f o r  coa ls  concaining v o l a t i l e  matter 
(dry  b a s i s )  of about 35 percent .  The maximum f l u i d i t y  of t h e  v i t r i n o i d s  was reached 
s h o r t l y  before  t h e  temperature of maximum-rate devo la t i l i za t ion ,  and a good re lac ion-  
sh ip  was found between t h e  temperature of maximum f l u i d i t y  and t h e  temperature of maximum 
r a t e  of devolat  i l i z a t  ion.  

The r e l a t ionsh ips  obta ined  i n  t h i s  study ind ica t e  t h a t  t he  pyro ly t ic  proper- 
' L i e s  of  coa l  can be es t imated  from i t s  rank and p l a s t i c  p rope r t i e s .  This informaGion 
should be use fu l  t o  shor what changes occur t o  coa l  when heated in  t h e  various 
processes used i n  industry.  
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Tabie 111 

P l a s t i c  Proper t ies  of Vitr inoids* 

Sample 

Sunnys ide 

Maximum F l u i d i t y  
ddpnrX+ a t  

Temperature Range, C 
Sof ten ing  S o l i d i f i c a t i o n  

High-Splint 100 433 355 472 

Sewell 16,300 443 385 485 

Colorado Medium-Volatile 3 30 459 390 498 

Pocahontas No. 3 4 32 466 397 499 

Colorado Low -Volat i l e  80 467 401 503 

* S t i r r e r  broke loose on all I l l i n o i s  coa ls .  
# D i a l  d iv is ions  per  minute. 

Table  N 

Summary of Thermogravimetric Analyses 

Sample 

I l l i n o i s  No. 6 

Herr in  No. 6 "C" 

Sunnyside 

.Herr in  No. 6 "B" 

High-Splint 

Sewell  

Colorado Medium-Volat i l e  

Pocahontas No. 3 

Maximum Weight Temperature of Maximum 
Rate Loss, $ Weight Rate Loss, 

per  minute C 

0.54 

0.47 

0.67 

0.48 

0.60 

0.64 

0.40 

0.40 

463 

480 

475 . 
490 

483 

Colorado Low-Volat i l e  0-37 5 30 
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